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ABSTRACT 
 
The neurotransmitter release at synapses underlies major brain functions such 
as cognition, emotion, and memory. The precise temporal control of the release is 
essential for healthy brain activities. SNAREs are known to be the core fusion 
machinery in neuro-exocytotic pathways. SNARE complex formation in the chasm of 
two membranes is mediated by the cognate coiled coil motifs on v- and t-SNAREs: 
One such motif from t-SNARE syntaxin 1A, two from t-SNARE SNAP-25, and 
another from v-SNARE VAMP2 forms all parallel four-stranded coiled coil, which 
brings about the apposition of two membranes. However, The SNARE proteins do not 
have the required regulatory function that confers the temporal on/off switching 
capability, which requires other regulatory proteins like Munc13/Munc18, complexin, 
synaptotagmin and so on. Moreover, some relationship has been discovered between 
the malfunction of neurotransmitter release machinery and the neuro-degeneration 
diseases. However, the mechanisms that how these regulators and neuro-degeneration 
related proteins mediate synaptic vesicle exocytosis are still unknown. 
In our work, we developed site-specific fluorescence resonance energy transfer 
(FRET) to investigate the formation of trans SNAREpin between the complimentary 
t- and v-SNAREs reconstituted to separate proteoliposomes. Combining with the 
traditional bulk lipid mixing assay, firstly, we found α-synulcein may inhibit SNARE-
dependent vesicle docking through membrane binding, without affecting trans 
SNARE assembly. Moreover, C2AB and Ca
2+
 drive SNARE zippering at the 
membrane proximal region, although C2AB is insufficient to stimulation fusion pore 
opening as Syt1. Thirdly, by studying the full length Syt1, we demonstrated that Syt1 
to function as a major Ca
2+
 sensor for neuro-exocytosis, vectorial surface charge 
asymmetry is required, which may play a role in steering Syt1 to make productive 
trans binding to the plasma membrane instead of non-productive cis binding to the 
vesicle. Fourthly, to study the fusion pore opening step of fusion process, we 
developed large DNA-probe based content mixing to report pore expansion. Together 
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with small probe sulforhodamine based content mixing which indicate pore opening, 
we showed that SNARE alone can open the fusion pore but not efficiently, while 
Syt1/Ca
2+
 is efficient to opening the fusion pore but the pore expansion is relatively 
slow. Finally, our results suggest that in Syt1 linker region, charged amino acids are 
asymmetric located, which provides the Syt1 linker region with both the flexibility for 
vesicle docking and rigidity for opening the fusion pore.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 Synaptic vesicle exocytosis  
The main brain functions such as cognition, emotion, and memory rely on the 
intracellular communication via neurotransmitter release which can transfer the signal 
from the pre-synapse to the neighbor cell by recognizing and binding to the receptors 
on the post-synapse membrane. Synaptic vesicle exocytosis is the key process of the 
neurotransmitter release. Generally speaking for vesicle exocytosis, neurotransmitter 
carried synaptic vesicles dock onto the plasma membrane, and secret the 
neurotransmitter into the specific space between two synapses after synaptic vesicle 
fused to plasma membrane (McMahon & Boucrot, 2011). Soluble N-ethylmaleimide-
sensitive factor (NSF) attachment protein (SNAP) receptors (SNAREs) are known to 
be the core fusion machinery in neuro-exocytotic pathways (Brunger, 2005; Jahn & 
Scheller, 2006; Weber et al, 1998). Specifically, synaptic vesicle exocytosis includes 
five steps: vesicle docking, vesicle priming, hemifusion, fusion pore opening and pore 
expansion (Yoon et al, 2006). In vesicle docking, N-termini of SNARE proteins start 
nucleation; in vesicle priming, trans SNARE complex is assembled; lipid mixing and 
fusion pore open happen when SNARE complex zippered to the membrane proximal 
or transmembrane domain region (Chen & Scheller, 2001; Pobbati et al, 2006). 
However, the details of relations between SNARE zippering and vesicle fusion steps 
are still unknown. After synaptic vesicle collapse onto the plasma membrane 
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companied by SNARE complex forming into cis conformation, SNARE complex will 
be disassembled by alpha-SNAP and NSF (Lin & Scheller, 2000). Then, synaptic 
vesicles can be recycled from plasma membrane compartment via vesicle endocytic 
pathway and start the next fusion cycle (McMahon & Boucrot, 2011) (Figure 1).   
 
1.2 SNARE protein 
Initially, SNAP, together with NSF (soluble N-ethylmaleimide sensitive factor) 
were thought as the fusion protein invovled in all fusion events between two 
compartment membranes (Nichols et al, 1997; Sollner et al, 1993). Until 1990s, one 
supermolecule protein family was identified as the SNAPs receptors and named as 
SNARE family protein (Bennett et al, 1992; Elferink et al, 1989; Oyler et al, 1989; 
Sudhof et al, 1989). From then on, increasing in vivo evidence suggested that SNARE 
proteins were also required in membrane fusion and vesicle trafficking process 
(Nichols et al, 1997; Sollner et al, 1993). However, only until 1998, SNARE proteins 
were first proved to be the minimal machinery for membrane fusion via in vitro 
reconstituted artificial vesicles experiments (Weber et al, 1998), while later work 
indicated that NSF and SNAPs were required for separating and recycling SNARE to 
specific membrane compartments (McMahon & Boucrot, 2011). 
SNARE proteins are highly conserved superfamily throughout evolutionary pathway 
(Jahn & Scheller, 2006). For example, there are 25 members in yeast and 36 members 
in human cell. Most of SNARE proteins are membrane associated proteins and 
contain simple SNARE motif domains, which is very conserved with 60~70 amino 
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acids arranged in heptad repeats and mediate the complex formation between the 
SNARE proteins. SNARE proteins were classified base on their localization on 
membrane. For example, in neuronal, SNARE localized on the target/plasma 
membrane, was named as t-SNARE; while SNARE anchored on synaptic vesicles, 
was named as v-SNARE (Jahn & Scheller, 2006). However, membrane components 
analysis shows that SNARE proteins are not strictly distribute on specific membrane, 
thus, it is not accurate to classify SNARE proteins just based on membrane 
localization. Only until crystal structure of SNARE complex was solved in 1998 
(Poirier et al, 1998; Sutton et al, 1998), it indicates that SNARE complex is a four 
helix bundle zippered from N-terminal to C-terminal SNARE motif (Figure 2). The 
centre bundle of the helical domain contains 16 layers of interface including 15 
hydrophobic interface among the side chain from each SNARE motif, and one highly 
conserved electrostatic “0” layer  which contains 3 glutamine (Qa, Qb, Qc) and 1 
arginine (R) residues. Accordingly, the SNARE proteins whose SNARE motif 
contributes these residue was classified as Qa-, Qb-, Qc- and R-SNARE (Jahn & 
Scheller, 2006). 
Normally, Qa-SNARE and some Qb-, and Qc-SNARE contain an antiparallel 
helix bundle N-terminal, a conserved SNARE motif and a transmembrane domain. 
Some Qb- and Qc- combine into Qbc-SNARE, which contains two SNARE motif 
domains connected by a flexible linker region but lack a transmembrane motif. Qbc-
SNARE usually anchors onto membrane via palmitoylated modification at four 
cysteine residues on the linker regions. R-SNARE usually contains a SNARE motif 
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and a transmembrane domain, some R-SNARE also contains an N-terminal longin 
domain (Figure 3a). Usually, Qa-, Qb-, and Qc-SNARE form into an unstable three 
helix bundle as acceptor complex intermediates, then, it binds with R-SNARE and 
forms into a stable four helix bundle. During the formation of SNARE complex, 
energy can be generated during SNARE complex zippering from N- to C- terminal 
and applied into bringing two membrane together which is more favorable for 
membrane fusion (Pobbati et al, 2006). 
SNARE proteins are highly abundant proteins in human cell with numerous 
members in each subfamily. They specifically localized on each intracellular 
membrane compartments from endoplasmic reticulum (ER) to recycling endosome, 
involved in vesicle trafficking from ER to plasma membrane; vesicle exocytosis 
releasing neurotransmitter from secretary granule; vesicle endocytosis in which 
vesicles were recycled from plasma membrane; endocytic transport pathway in which 
proteins and other factors can be recycled or degraded in lysosome (Figure 3b). 
 
1.3 Minimal machinery for neuron SNARE mediated membrane fusion. 
In presynapse, neurotransmitter was trapped in secretary granule, and released 
from plasma membrane of presynapse via exocytosis pathway. In neuronal cell, the 
synaptic vesicle exocytosis was mediated by three SNARE proteins: syntaxin 1A, 
SNAP-25 and VAMP2 (synaptobrevin 2)(Weber et al, 1998). In neurons, syntaxin 1A 
and SNAP-25 together forms the t-SNARE complex, which localize on the plasma 
membrane via the transmembrane domain on the C-terminal of syntaxin 1A; while 
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VAMP2 localizes on the synaptic vesicle also via its C-terminal transmembrane 
domain (Ungar & Hughson, 2003). SNARE complex formation in the chasm of two 
membranes is mediated by the cognate coiled coil motifs on v- and t-SNAREs: One 
such motif from t-SNARE syntaxin 1A, two from t-SNARE SNAP-25, and another 
from v-SNARE VAMP2 forms all parallel four-stranded coiled coil, which brings 
about the apposition of two membranes (Figure 4a) (Poirier et al, 1998; Weber et al, 
1998). 
Recently, optical tweezers experiments indicates that SNARE complex 
zippering contains three or four distinct stages: a slow start of nucleation from N-
terminal part of SNARE motif to “0” layers of SNARE centre bundle, followed by a 
transition point at the ionic layer, at which there is force balance between the SNARE 
zippering and repulsion between two membranes; then a readily zippered C-terminal 
domain of SNARE motif and a fast zippering of linker domain, which are required for 
fast Ca
2+
 triggered exocytosis; there might be another stage of zippering in 
transmembrane domain, which have also be shown to be a helix bundle in membrane 
by crystal structure (Gao et al, 2012). At the same time, another group suggested that 
membrane fusion intermediates like docking, hemifusion, and pore opening are 
regulated via directional and full assembly of the SNARE complex (Hernandez et al, 
2012). Thus, distinct stages of SNARE assembly are connected to different steps of 
membrane fusion (Figure 4b).  
Although the assembly of SNARE complex is the core fusion machinery, it is 
still not sufficient to satisfy the time scale of several tens of mini-sec for fast Ca
2+
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triggered vesicle exocytosis. Also the distinct stage of SNARE assembly suggested 
that the process of synpatic vesicle fusion is regulatable. At synapse, there are several 
regulators that have been found to play an important role to control the 
neurotransmitter release, such as complexin, Munc18, and synaptotagmin 1 (Rizo & 
Rosenmund, 2008) (Figure 5). 
 
1.4 Synaptotagmin 1 
The SNARE proteins do not have the required regulatory function that confers 
the temporal on/off switching capability. A vesicular protein Syt1 is instead believed 
to be the key regulator for the temporal control of SNARE-dependent synaptic vesicle 
fusion (Chapman, 2002; Rizo & Rosenmund, 2008; Sudhof, 2004). Syt1 senses the 
spike of the Ca
2+
-level, which is resulted from the action potential, and helps trigger 
fast fusion (Lee et al, 2010; Yoshihara & Littleton, 2002). 
Syt1, as a synaptic vesicle membrane protein, was first identified in 1981 and was 
found widely distributed in neuronal and neuro-secretary tissue (Matthew et al, 1981). 
In neurons, Syt1, which is localized on the synaptic vesicle with VAMP2, is 
composed of N-terminal single helix transmembrane domain, a flexible linker region 
and tandem C2 domain (Figure 6a) (Chapman, 2008). It was reported that in the C2 
domain, both C2A and C2B contains the loop region, in which several aspirate amino 
acids are responsible for the Ca
2+
 binding (Figure 6b) (Chapman, 2008). In presence 
of Ca
2+
, the loop region with Ca
2+
 can insert into the acidic membrane (Figure 6c). 
And this membrane binding potent could be enhanced by enlarging the side chain of 
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the amino acids at the loop region (Martens et al, 2007). The importance of the 
membrane binding has been well described in several in vivo studies employing Syt1 
mutants (Xu et al, 2009; Young & Neher, 2009). Interestingly, negatively charged 
PIP2 appears to play a specific role for Syt1 function. Syt1 may directly interact with 
PIP2 even in the absence of Ca
2+ 
(Bai et al, 2004). Moreover, PIP2 is shown to 
facilitate the membrane-penetration of Syt1 and regulate the Ca
2+
-dependent 
enhancement of vesicle fusion (Bai et al, 2004). It is recently shown that PIP2 has the 
tendency to cluster near the t-SNARE complex, which could help the simultaneous 
interaction of Syt1 to both SNARE complexes and the membrane (Kim et al, 2012; 
van den Bogaart et al, 2011a). Interestingly, it is recently suggested that Syt1 has an 
ability to buckle the membrane to create the locally positive curvature( Figure 6d), 
which is believed to help membrane fusion (Hui et al, 2009).  
In molecular level, Syt1 is known to bind SNARE complexes and the 
membrane (Figure 7a) (Chapman, 2008; Kim et al, 2012). Syt1 is shown to have the 
affinity to the binary t-SNARE complex (Hui et al, 2009). Consistently, several in 
vivo and in vitro studies have suggested that Syt1 is required for vesicle docking to 
the plasma membrane, most likely via its simultaneous interaction with the t-SNARE 
complex and acidic lipid on target membrane (Hui et al, 2009; Kim et al, 2012). Also, 
Syt1 is known to bind the SNARE complex (Figure 7b) (Choi et al, 2010). According 
to the recent fusion clamp model, complexins, a family of small soluble proteins that 
bind to the SNARE complex (Chen et al, 2002), clamp the fusion by preventing 
SNAREs from complete complex formation (Giraudo et al, 2006; Pabst et al, 2002; 
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Tang et al, 2006). It has been proposed that Syt1 binding to the SNARE complex 
displaces complexin from the SNARE complex, allowing complete SNARE assembly 
and membrane fusion (Giraudo et al, 2006; Tang et al, 2006). 
Mechanistically, it is thought that SNARE complex formation proceeds from 
membrane-distal N-terminal region towards membrane-proximal C-terminal region 
(Figure 7b) (Brunger, 2005; Pobbati et al, 2006; Sorensen, 2005; Sorensen et al, 2006). 
Such sequential zippering could facilitate progressive apposition of two opposing 
membranes. It is shown that Syt1 interacts with the C-terminal region of the SNARE 
complex which is Ca
2+
 dependent (Choi et al, 2010; Dai et al, 2007; Gerona et al, 
2000). Then, alternatively, does Syt1 specifically act on C-terminal SNARE assembly, 
giving a final push on SNARE zippering? Such a possibility has been raised, but 
never been verified.  
Overall, Syt1 participates in most steps of membrane fusion process via 
interacting with SNARE proteins and membrane (Figure 8). In vesicle docking, Syt1 
largely enhanced vesicle docking via interacting with t-SNARE and PIP2 in plasma 
membrane (Hui et al, 2009; Kim et al, 2012; Lai & Shin, 2012). In the step of vesicle 
priming and lipid mixing, Syt1/Ca
2+
 penetrates into membrane, generate positive 
curvature, and bring two opposition membrane closer (Hui et al, 2009). Accordingly, 
SNARE zippering is facilitated by Syt1 shorten the distance between two membrane 
(van den Bogaart et al, 2011b). In the final fusion pore opening step, Syt1/Ca
2+
 
initiate the fusion pore open, and expand the fusion pore with complexin (Figure 7d).  
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1.5 complexin 
Complexin 1 (also called synaphin-2) was first identified and cloned by virtue 
of their ability to bind SNARE complex (Brose, 2008). It contains 134 amino acids 
and several domains: N-terminal unstructured domain, accessory alpha-helix, central 
helix domain and C-terminal domain (Figure 9a) (Brose, 2008). Due to distinct 
functions of different domains, complexin 1 have been reported to have dual function 
in vesicle fusion process. It is reported that N-terminal complexin 1 can bind to C-
terminal SNARE complex and potentiate synaptic vesicle fusion, while accessory 
helix domain can replace C-terminal VAMP2 from SNARE complex and inhibit 
membrane fusion (Figure 9c) (Xue et al, 2007). Central helix is the main domain for 
SNARE complex binding (Figure 9b), which is necessary for complexin clamp 
function (Martin et al, 2011; Pabst et al, 2000). There is little known about C-terminal 
complexin, although some in vitro study suggests that this region contributes to its 
function by binding to membranes and stimulating liposome fusion (Martin et al, 
2011; Xue et al, 2007). In all, complexin 1, together with synaptotagmin 1, regulates 
spantenous and synchronized fast synaptic vesicle fusion(Yoon et al, 2008). 
 
1.6 alpha-synuclein 
α-Syn is a major component of Lewy body which has usually been found in 
Parkinson‟s disease (PD) patient brain and implicated in familial PD (Hardy & 
Gwinn-Hardy, 1998; Lee & Trojanowski, 2006; Shimohama et al, 2003; Spillantini et 
al, 1997). Point mutants of α-Syn also have been suggested to be related with 
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antosomal-dominant form of PD (Conway et al, 2000; Dev et al, 2003; 
Polymeropoulos et al, 1997). In addition, α-Syn is a small and peripheral membrane 
protein which is widely expressed in central neurons (Figure 10a and 10b), and is 
specifically localized and bound to synaptic membrane (George et al, 1995; 
Maroteaux et al, 1988), which is important for synaptic plasticity (Steidl et al, 2003; 
Watson et al, 2009). 
It was reported that over expression of α-Syn in yeast (Cooper et al, 2006) and 
Drosophila (Gitler et al, 2008) inhibited vesicular transport from reticulum to Golgi 
complex. More recently, over expression of α-Syn in chromaffin cells largely 
decreased the neurotransmitter release (Larsen et al, 2006; Mosharov et al, 2006; 
Nemani et al, 2010). However, knockout of α-Syn shows little effect on 
neurotransmitter release (Nemani et al, 2010). This may result from the functional 
redundancy with β-Syn and γ-Syn, which are closely related members with α-Syn in a 
family of abundant vertebrate-specific neuronal proteins. Indeed, recent triple 
knockout study reveals increased release at least for young mice (Greten-Harrison et 
al, 2010), indicating that α-Syn is involved in neurotransmitter release (Figure 10c). 
Evidence points to that α-Syn might function as a regulator for neurotransmitter 
release, recently. Synaptic fusion machinery is centered at SNARE proteins: Syntaxin 
1A, SNAP-25, and VAMP2. They form SNAREpins that bridges synaptic vesicle and 
plasma membrane, facilitating the membrane fusion (Brunger, 2005; Jahn & Scheller, 
2006; Poirier et al, 1998; Sutton et al, 1998; Weber et al, 1998). Indeed, in molecular 
level, C-terminal of α-Syn is shown to interact with VAMP2 and promotes SNARE 
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assembly (Figure 10d) (Burre et al, 2010). But it turns out that such activities do not 
influence neurotransmitter release (Chandra et al, 2005), perhaps suggesting that α-
Syn is involved in the maintenance of SNAREs. However, a conflicting results show 
that α-Syn decreases the copy number of the SNARE complex in yeast (Thayanidhi et 
al, 2010). This may account for different factors in synapse, such as cysteine string 
protein which allow α-Syn to display a positive function in membrane fusion. Taking 
them together, it indicate that α-Syn interact with SNARE protein might not be the 
major regulatory function in vesicle exocytosis. 
Both in vivo and in vitro studies indicated that the character of membrane 
binding ability of α-Syn is required for its inhibitory role in neurotransmitter release 
in chromaffin cell and mitochondrial fusion (Bodner et al, 2010; Nemani et al, 2010). 
However, the detail mechanism that how α-Syn inhibits neurotransmitter release, is 
still unknown. 
 
1.7 single molecule FRET in vesicle fusion assay 
In Förster (Fluorescence) resonance energy transfer (FRET) measurement, the 
non-radioactive energy is transferred from fluorescence dye molecules donor to 
acceptor, and the distance between the two fluorescence dyes can be calculated based 
on the ratio of the acceptor intensity to total emission energy (Stryer & Haugland, 
1967). The efficiency of energy transfer, E, is the quantum yield of energy transfer 
transition. E depends on the donor to acceptor separation distance r due to the dipole-
dipole coupling mechanism: E=1/(1+(r/R0))6, where R0 is the Förster distance of this 
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pair of donor and acceptor at which E=0.5 (Figure 11a) (Weiss, 1999). By measuring 
the changes of efficiency E, the conformational change within macromolecule and 
dynamics interacting between two molecules can be estimated. However, the 
information from the signal of the bulk FRET measurement, which is the average of 
all the fluorescence dye, is limited and non-precisely. With aid of total internal 
reflection (TIR) microscopy that allows high-throughout and resolution data sampling, 
single molecule FRET measurement can be acquired by imaging surface immobilized 
molecules(Roy et al, 2008). In TIR measurement, it generates an evanescent field of 
excitation light that only extends 100~300nm from the surface, which can greatly 
reduce the noise and background, accordingly, the resolution of this measurement can 
be largely enhanced (Ha, 2001). 
The single molecule experiments can be applied to many specific fields due to 
its advantage in real time measurement and high resolution. For example, it can be 
used to study the conformational changes of in proteins or other macromolecule (Choi 
et al, 2010), dynamics interaction between two molecule (Jain et al, 2012) and so on. 
In the single vesicle fusion assay with prism TIR measurement setup, quartz slides 
surface is covered by polyethylene glycol (PEG) to suppress the non-specific binding 
on the surface. Reconstituted vesicles are immobilized on the surface via a PEG-
biotin-neutravidin-biotin-lipids linker, membrane fusion can be observed by 
measuring the FRET efficiency between either lipid fluorescence dye or trapped 
content dye (Figure 11b) (Diao et al, 2012). This approach enables possibility for 
measuring the ~msec time scale of Ca
2+
 triggered fast vesicle fusion. Also based on 
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the different FRET efficiency between the two fluorescence dye containing vesicles, 
smFRET can determine several membrane fusion intermediates (Yoon et al, 2006), 
which can not be observed by traditional bulk FRET fusion assay. 
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1.9 Figures 
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Figure 1. Synaptic vesicle exocytosis and endocytic pathway. 
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Figure 2. Crystal structure of SNARE complex four-helical bundle. 
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Figure 3. SNARE proteins classification (a) and distribution (b) in mammal cell. 
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Figure 4. Neuronal SNARE diagram for syntaxin 1A, SNAP25 and VAMP2 (a) and 
neuronal SNARE assembly mediated several stages of synaptic vesicle fusion (b). 
 
 
 
 
 
24 
 
 
 
 
 
 
 
 
 
(Josep Rizo and Christian Rosenmund, 2008, NSMB)
 
 
 
Figure 5. SNARE and regulators mediated vesicle exocytosis. 
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Figure 6. (a) Schematic diagram of Syt 1 on vesicle membrane, (b) Ca
2+
 binding 
pockets in loop region of C2 domain, (c) association and dissociation between C2 
domain and membrane regulated by Ca
2+
 and (d) positive curvature generated by 
C2AB/Ca
2+
 binding to membrane. 
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Figure 7. (a) Syt1 and PIP2 mediated vesicle docking, (b) model of Syt1 binding to 
SNARE complex, and (c) model of Syt1/Ca
2+
 binding to SNARE and membrane 
regulating vesicle fusion with plasma membrane. 
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Figure 8. Syt1 mediated SNARE protein dependent vesicle fusion. 
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Figure 9. Domain of complexin 1 diagram (a), complex structure of complexin1 and 
SNARE helical bundle (b), and complexin 1 replace C-teminal VAMP2 from SNARE 
complex (c). 
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Figure 10. Diagram of α-Syn (a), α-Syn co-localized with VAMP2 on synaptic vesicle 
(b), α-Syn inhibits neurontransmitter release in neuronal cell (c), and C-terminal α-
Syn specific interact with N-terminal VAMP2 (d). 
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Figure 11. FRET mechanism shows the relation between distance and FRET 
efficiency (a) and application of single molecule FRET in synaptic vesicle fusion (b). 
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CHAPTER 2 
SYNAPTOTAGMIN 1 AND CA
2+
 DRIVE TRANS SNARE 
ZIPPERING. 
 
2.1 ABSTRACT  
In neurons, Synaptotagmin 1 (Syt1) is a major Ca
2+
-sensor that evokes vesicle 
fusion in response to the Ca
2+
 signal, a necessary event for the temporally regulated 
neurotransmitter release.  Although Syt1 is known to bind to the core fusion 
machinery SNAREpin, the mechanism by which Syt1 regulates vesicle fusion is 
controversial. Here we used site-specific fluorescence resonance energy transfer 
(FRET) to investigate the effects of Syt1 and Ca
2+
 on formation of trans SNAREpin 
between the complimentary t- and v-SNAREs reconstituted to separate 
proteoliposomes. When the FRET pairs were attached at the N-termini of SNAREs, 
C2AB, a soluble version of Syt1, had virtually no stimulatory effect on the rate of the 
FRET change, indicating C2AB does not interfere with the initial nucleation of 
SNARE assembly that happens at the membrane-distal N-terminal region. However, 
full length Syt1 effectively stimulates the N-terminal nucleation of SNARE complex, 
indicating a distinct mechanism of regulation of vesicle docking between Syt1 and 
C2AB. Moreover, when the FRET pairs were placed at the membrane proximal 
region of the SNAREs, C2AB accelerated the FRET change significantly only in the 
presence of Ca
2+
, indicating C2AB-Ca
2+
 promotes the transition from a partially 
assembled SNARE complex to the fusion-competent SNAREpin. The FRET pairs at 
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the end of the transmembrane domain show similar enhancement. However, the 
stimulatory effect was lost without membrane or in neutral membrane. Finally, the 
SNAREpin zippering with truncated version of SNAP25 can be enhanced by C2AB 
and Ca
2+ 
.Thus, the results suggest that Syt1 and Ca
2+ 
drive SNARE zippering at the 
membrane proximal region via corss-linking two opposition membrane but not direct 
SNARE interaction. 
 
2.2 INTRODUCTION 
The neurotransmitter release at synapses underlies major brain functions such 
as cognition, emotion, and memory. The precise temporal control of the release is 
essential for healthy brain activities. SNAREs are known to be the core fusion 
machinery in neuro-exocytotic pathways (Brunger, 2005; Jahn & Scheller, 2006; 
Weber et al, 1998). SNARE complex formation in the chasm of two membranes is 
mediated by the cognate coiled coil motifs on v- and t-SNAREs: One such motif from 
t-SNARE syntaxin 1A, two from t-SNARE SNAP-25, and another from v-SNARE 
VAMP2 forms all parallel four-stranded coiled coil, which brings about the apposition 
of two membranes (Poirier et al, 1998; Sutton et al, 1998). The SNARE proteins 
however do not have the required regulatory function that confers the temporal on/off 
switching capability. A vesicular protein Syt1 is instead believed to be the key 
regulator for the temporal control of SNARE-dependent synaptic vesicle fusion 
(Chapman, 2002; Rizo & Rosenmund, 2008; Sudhof, 2004). Syt1 senses the spike of 
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the Ca
2+
-level, which is resulted from the action potential, and helps trigger fast 
fusion (Lee et al, 2010; Yoshihara & Littleton, 2002). 
In molecular level, Syt1 is known to bind the membrane (Chapman & Davis, 
1998; Davletov & Sudhof, 1993; Fernandez et al, 2001) and the SNARE complex 
(Choi et al, 2010; Dai et al, 2007; Vrljic et al, 2010) in the presence of Ca
2+
. The 
importance of the membrane binding has been well described in several in vivo 
studies employing Syt1 mutants (Fernandez-Chacon et al, 2001; Rhee et al, 2005). 
Interestingly, it is recently suggested that Syt1 has an ability to buckle the membrane 
to create the locally positive curvature (Hui et al, 2009; Martens et al, 2007), which is 
believed to help membrane fusion (Chernomordik & Kozlov, 2003). 
What is then the function of Syt1 binding to the SNARE complex? Clues to 
this question may be found in its interplay with complexin in SNARE binding. 
Complexins are a family of small soluble proteins that bind to the SNAREpins (Chen 
et al, 2002; Pabst et al, 2002). The complexin clamp model proposes that complexin 
binding to the SNAREpin clamps the fusion (Giraudo et al, 2006; Giraudo et al, 2009; 
Schaub et al, 2006; Tang et al, 2006) by preventing the membrane-proximal half from 
complex formation (Giraudo et al, 2009). But upon the rise of the Ca
2+
 level, Syt1 
displaces complexin from the SNARE complex (Giraudo et al, 2006; Tang et al, 
2006), allowing complete SNARE assembly to a fusion competent SNAREpin. In 
such a case, Syt1 binding to the SNARE complex could be simply the end product of 
the competitive displacement of complexin from the SNARE complex. 
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Mechanistically, it is thought that SNARE complex formation proceeds from 
membrane-distal N-terminal region towards membrane-proximal C-terminal region 
(Brunger, 2005; Sorensen, 2005; Sorensen et al, 2006). Such sequential zippering 
could facilitate progressive apposition of two opposing membranes. It is shown that 
Syt1 interacts with the C-terminal region of the SNARE complex (Choi et al, 2010; 
Dai et al, 2007; Gerona et al, 2000). Then, alternatively, does Syt1 specifically act on 
C-terminal SNARE assembly, giving a final push on SNARE zippering? Such a 
possibility has been raised, but never been verified. 
In this work, we test this possibility using fluorescence resonance energy 
transfer (FRET) between fluorophore labeled v- and t-SNARE FRET pairs. By 
placing FRET pairs at strategic locations we were able to dissect the effect of Syt1 
and Syt1-Ca
2+
 on SNARE zippering. We found that Syt1-Ca
2+
 not only help vesicle 
docking, but also works on C-terminal SNARE complex formation via crosslinking 
two membranes, which in turn facilitates the fusion pore opening. 
 
2.3 RESULTS 
2.3.1 C2AB and Syt1 have a distinct effect on N-terminal trans SNARE assembly. 
Syt1 has two soluble Ca
2+
-binding tandem C2 domains and a single 
membrane-spanning helix at the C-terminal region that anchors Syt1 to the vesicle 
membrane (Chapman, 2002; Sudhof & Rizo, 1996). C2AB, a recombinant soluble 
version of Syt1 lacking the transmembrane part, is often used as an alternative model 
in a variety of in vitro studies (Hui et al, 2009; Martens et al, 2007; Tucker et al, 
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2004). C2AB is shown to recapitulate not all, but some essential features of Syt1 
functions such as Ca
2+
-triggered enhancement of SNARE-driven fusion (Wang et al, 
2011). To test the effect of Syt1 on N-terminal initiation of SNARE assembly, the 
FRET assay was used by employing N-terminal labeled v- and t-SNARE pairs. The 
cysteine free version of full length syntaxin 1A (SyxF), VAMP2, and SNAP-25 were 
used in our system. To generate the N-terminally labeled protein, the N-terminal 
amino acids I187 of SyxF and G18 of VAMP2, which are both located outside but 
close to the N-terminal ends of SNARE motifs, were changed to cysteines, and the 
cysteine mutants SyxF I187C and VAMP2 G18C were labeled with fluorescence 
donor Alexa Fluor 546 (A546) and acceptor Alexa Fluor 647 (A647), respectively. 
The labeled t-SNARE, SyxF I187C-A546 combined with SNAP-25, was reconstituted 
into a population of vesicles (t-vesicles), while VAMP2 G18C-A647 with/without 
Syt1 (at ratio of 4:1 with VAMP2) was reconstituted into a separate population of 
vesicles (v-vesicles, Figure 1). Here, both t- and v-vesicles contained 45 mol% POPC 
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), 15 mol% DOPS (1, 2-dioleoyl-
sn-glycero-3-phosphatidylserine) and 40 mol% cholesterol, which mimics the lipid 
composition in synaptic vesicles (Takamori et al, 2006). The lipid to protein ratio was 
kept to be 200:1 for all measurements. 
When t- and v-vesicles dock due to the interaction between t- and v-SNAREs, 
the proximity between A546 on SyxF I187C and A647 on VAMP2 G18C leads to 
FRET (NN-FRET), which results in the increase of the acceptor signal. Interestingly, 
in presence of Syt1 on v-vesicles, it shows factor of two increase independent of Ca
2+
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(Figure 1A). However, when 1M C2AB was added to the fusion reaction mixture, 
we did not observe any stimulation, even in the presence of Ca
2+
. Instead, Ca
2+
 caused 
slight inhibition of NN-FRET (Figure 1B, green and blue lines). The inhibition was 
less than a factor of two in initial rates for all Ca
2+
 concentrations studied (Figure 1C), 
which we might attribute to the self-association of v- and t-vesicles induced by cross-
binding of C2B domains in the presence of Ca
2+
. Thus, the results show that C2AB 
and C2AB-Ca
2+
 have no stimulatory effects on NN-FRET or vesicle docking. The 
activities of fluorophore-labeled SNARE proteins were checked by the lipid mixing 
assay (Supplementary Figure S2A). We also observed the similar results by using 
Cy3-labeled SyxF I187C and Cy5-labeled VAMP2 G18C (Supplementary Figure S4). 
To further verify our result, we performed the same experiment at three different lipid 
concentrations at 0.06, 0.1, and 0.2mM (Figure 1D), and the results show that C2AB 
has little effect on NN-FRET at all lipid concentrations. Here, we note that soluble 
VAMP2 (amino acids 1-96, Vps in Figure 1B), which is often used as a competitive 
inhibitor for SNARE-dependent membrane fusion, does not completely inhibit NN-
FRET at 10 M, different from the complete inhibition observed for other C-
terminally labeled SNARE FRET pairs (see below). Overall, the results of NN-FRET 
assay suggest that full length Syt1 but not C2AB can effectively stimulate the 
initiation of SNAREpin zippering, indicating that membrane anchored feature of Syt1 
is important for Syt1 function in vesicle docking step. 
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2.3.2 C2AB and Ca
2+
 facilitate SNARE zippering at the membrane-proximal 
region. 
Previously studies have shown that C2AB binds to the membrane proximal 
region of SNARE core(Gerona et al, 2000; Kee & Scheller, 1996). Furthermore, 
mutations at the C-terminal SNARE motif of SNAP-25 impair the Ca
2+
-triggered 
neurotransmitter release(Chen et al, 1999; Gerona et al, 2000). Therefore, it is likely 
that Syt1 binding to the C-terminal region is critical to its function as a Ca
2+
 sensor. 
To address the impact of Syt1 binding to the SNARE core, we generated another site-
specifically labeled v- and t-SNARE FRET pairs, SyxF Y257C-A546 and VAMP2 
K87C-A647, whose labeled sites are localized near the membrane-proximal end of 
SNARE motifs (MM-FRET pairs) (Figure 2A). With labeled SNAREs only without 
C2AB and Ca
2+
 the rate of the fluorescence change in time was much slower than that 
of the NN-FRET assay (Figure 1), indicating that SNARE zippering is indeed 
sequential, consistent with the zipper model (Brunger, 2005; Fasshauer, 2003; Rizo & 
Rosenmund, 2008; Sorensen, 2005). Moreover, the slower rate for MM-FRET implies 
that the C-terminal zippering step has higher activation energy barrier. In contrast to 
the case with the NN-FRET assay, we observed a clear factor of 10 enhancement of 
the initial rate with 1M C2AB and 100M Ca2+, although we did not observe any 
enhancement with 1M C2AB in absence of Ca2+ (Figure 2B). Ca2+ alone did not 
affect the kinetics of the MM-FRET for SNAREs only (Supplementary Figure S3). 
Furthermore, the stimulatory effect of C2AB with Ca
2+
 on MM-FRET as well as MM-
FRET in the absence of C2AB and Ca
2+
 were completely blocked by 10M soluble 
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VAMP2 (Vps) (Figure 2B yellow and black lines), indicating that the stimulation by 
C2AB and Ca
2+
 is SNARE-dependent. The lipid mixing assay showed labeled 
proteins have the normal activity (Supplementary Figure S2B). Thus, the results show 
that in the presence of Ca
2+
, C2AB promotes the SNARE zippering exclusively at the 
membrane-proximal C-terminal region without affecting the nucleation of SNARE 
assembly at the N-terminal region (Figure 1). We obtained the similar results for MM-
FRET with higher 5M C2AB (Supplementary Figure S5). 
 
2.3.3 C2AB-Ca
2+
 stimulates cis SNARE assembly assessed by FRET at the ends 
of transmembrane domains.   
Furthermore, we attached fluorescence probes at or near the C-terminal end of 
t- and v-SNAREs (SyxF G288C-A546 and VAMP2 T116C-A647, respectively) to 
investigate the effects of C2AB and Ca
2+
 on cis SNARE assembly, which occurs after 
fusion pore opening and reflects the coexistence of two transmembrane domains in 
the same membrane. We verified the activity of the C-terminally labeled SNARE 
pairs (CC-FRET pairs, Figure 3A) by the lipid mixing assay (Supplementary Figure 
S2C). In the CC-FRET assay, as expected, we observed clear Ca
2+
-dependent 
stimulation of CC-FRET in the presence of 1M C2AB and Ca2+ (Figure 3B). At 100 
M Ca2+ we observed again the same factor of 10 enhancement of the initial rates 
when compared with that in the absence of C2AB. Furthermore, CC-FRET was 
completely blocked by 10M Vps (Figure 3B black line). Neither did Ca2+ alone in 
the absence of C2AB, nor did C2AB alone in the absence of Ca
2+
 give any stimulation 
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of CC-FRET (Supplementary Figure S3). Thus, our results show that C2AB-Ca
2+
 
enhances the rate of cis SNARE assembly, which may be the consequence of the 
enhancement of the fusion pore opening. 
 
2.3.4 C2AB-Ca
2+
 stimulates SNAREpin formation via crosslink two opposition 
membranes. 
However, it is not clear how C2AB/Ca
2+
 stimulates SNARE zippering. It has 
been reported that enhancement of SNARE assembly by C2AB/ Ca
2+ 
might be 
contributed by two factors, one is  binding to SNARE complex (Choi et al, 2010), the 
other is cross-linking two membrane (Wang et al, 2011; Xue et al, 2008), but it is still 
not known which is dominant in this process. Thus, we tested the effect of C2AB/Ca
2+
 
on SNARE complex assembly in absence of membrane. However, we did not observe 
any stimulation in presence of C2AB in MM-FRET (Figure 4A), indicating that 
C2AB/Ca
2+
 binding to membrane is required. Moreover, to block the membrane 
binding ability of C2AB/Ca
2+
, we removed the acidic lipid from the vesicle 
membrane.  As expect, no stimulatory effect was observed (Figure 4B). Finally, to 
prevent C2AB/Ca
2+
 binding to the SNARE complex, we applied the botulium toxin 
cleavage version of SNAP25 BoNT/A and SNAP25 BoNT/E, whose C-terminal of 
second SNARE motif was truncated. In the MM-FRET assay, we found even SNARE 
alone can not efficiently form into SNARE complex with truncated SNAP25, 
C2AB/Ca
2+
 can still facilitate the SNARE assembly (Figure 4C) if the ability to bind 
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to membrane is preserved. Thus, our results suggested that C2AB/ Ca
2+
 stimulate 
SNARE assembly via cross-linking two vesicle membranes. 
 
2.4 DISCUSSION 
We developed the FRET assay employing fluorescently labeled SNAREs to 
investigate the function of Syt1 in vesicle exocytosis. With a set of labeled SNAREs 
for which FRET pairs are site-specifically attached at strategic positions, we were 
able to dissect the impact of C2AB-Ca
2+
 at three different stages of vesicle fusion; 
NN-FRET for the nucleation of SNARE assembly, MM-FRET for SNARE zippering 
at the membrane-proximal region, and CC-FRET for fusion pore opening. Our results 
show that C2AB alone, in the absence of Ca
2+
, did not influence the kinetics of any of 
the three steps. However, Syt1 alone can help vesicle docking, indicating that C2AB 
and Syt1 might have a distinct mechanism to regulate vesicle docking (Wang et al, 
2011). Furthermore, the result show that C2AB in the presence of Ca
2+
 stimulates the 
kinetics of MM-FRET and CC-FRET with little stimulatory effect on NN-FRET, 
indicating that C2AB-Ca
2+
 specifically works on the SNARE zippering and the fusion 
pore opening steps after docking. As we did not see the stimulation in NN-FRET, it 
excluded the possibility that the enhancement of NN-FRET caused the increase of 
MM-FRET. Therefore, the results provide the direct in vitro evidence that Syt1 may 
stimulate SNARE zippering specifically at the membrane proximal half. Finally, via 
using detergent, neutral membrane and SNAP25 mutants, we figured out that the 
membrane binding by C2AB/Ca
2+ 
is required for the enhancement on SNARE 
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complex assembly.  Based on the results of CC-FRET C2AB-Ca
2+
 appears to 
stimulate the rate of the fusion pore opening by 10-folds. But the enhancement factor 
is virtually the same as that of SNARE zippering at the membrane-proximal region 
detected in the MM-FRET analysis. Therefore, we speculate the rate enhancement in 
CC-FRET is just the consequence of the stimulation of MM-FRET by C2AB-Ca
2+
. If 
so, the main function of C2AB and Ca
2+
 might be to stimulate SNARE-zippering at 
the membrane proximal region, and the observed stimulation of the fusion pore 
opening may be a collateral consequence of this main thrust at the membrane-
proximal region of SNAREs.         
Recently, some in vivo study (de Wit et al, 2009; Loewen et al, 2006) have 
suggested that Syt1 is required for vesicle docking to the plasma membrane via the 
interaction with the binary t-SNARE complex. In this work, we have strategically 
used C2AB, the recombinant soluble version of Syt1, instead of the full length Syt1 in 
order to suppress its involvement in vesicle docking and single out its effect on 
SNARE complex formation. As anticipated, we did not observe any enhancement of 
the rate of NN-FRET by C2AB both in the presence and absence of Ca
2+
 (Figure 1). 
The main reason for this discrepancy between Syt1 and C2AB may be the lack of the 
transmembrane anchor in C2AB. A recent study with the single vesicle fusion assay 
demonstrated that transmembrane anchor is essential for the enhancement of docking 
by Syt1(Lee et al, 2010). 
Combining the current and previously reported results it appears that Syt1 
involves every step along the fusion pathway from docking to fusion pore opening 
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(Figure 5). The docking enhancement is mediated by the interaction of Syt1 to t-
SNARE(de Wit et al, 2009; Lai & Shin, 2012; Lee et al, 2010), for which anchoring 
of Syt1 to the vesicle membrane is essential. This interaction appears to be Ca
2+
-
independent. Next, C2AB, the tandem C2 domains, specifically involved in 
stimulating the C-terminal SNARE zippering in the presence of Ca
2+
. We speculate 
that this step involves the interaction of C2AB with acidic membrane. Thus, 
C2AB/Ca
2+ 
cross-linking two membranes and shorten the distance which is favorable 
for SNARE zippering. 
Finally, C2AB stimulate fusion pore opening. This step also requires Ca
2+
. 
The molecular interactions underlying this particular action is unclear, and we 
speculate this could be simply the consequence of the main push on the SNARE 
zippering at the C-terminal region of SNAREs. Or, possibly, it does involve further 
specific interaction between Syt1 and SNAREs, warranting further investigation. 
 
2.5 MATERIALS AND METHODS 
2.5.1 Plasmid Constructs and Site-Directed Mutagenesis. 
DNA sequences encoding syntaxin 1A (amino acids 1-288 with three 
cysteines replaced by alanines), VAMP2 (amino acids 1–116 with C103 replaced by 
alanines), SNAP-25 (amino acids 1-206 with four native cysteines replaced by 
alanines), soluble VAMP2 (amino acids 1-96) and soluble synaptotagmin-1 C2AB 
(amino acid 96–421) were inserted into the pGEX-KG vector as N-terminal 
glutathione S-transferase (GST) fusion proteins. We used the Quick Change site-
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directed mutagenesis kit (Stratagene) to generate all cysteine mutants, including SyxF 
I187C, SyxF Y257C, SyxF G288C, VAMP2 G18C, VAMP2 K87C and VAMP2 
T116C; DNA sequences were confirmed by the Iowa State University DNA 
Sequencing Facility. 
 
2.5.2 Protein expression, purification and labeling. 
All cysteine mutant recombinant neuronal SNARE proteins, SNAP-25 and 
C2AB were expressed as N-terminal glutathione-S-transferase fusion proteins. 
Recombinant proteins were expressed in Escherichia coli Rosetta (DE3) pLysS 
(Novagene). The cells were grown at 37 °C in LB medium with 100 g ml
-1
 
ampicillin until the absorbance at 600 nm reached 0.6–0.8. The cells were further 
grown for overnight after adding IPTG (0.5mM final concentration) at 16 °C. We 
purified the proteins using glutathione-agarose chromatography. Cell pellets were 
resuspended in 20 ml PBS, pH 7.4, containing 0.2% (v/v) Triton X-100, with final 
concentrations of 1mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 2mM 
DTT. Cells were broken by sonication in an ice bath and centrifuged at 15,000g for 30 
min at 4 °C. The supernatant was mixed with 2 ml glutathione-agarose beads in PBS 
and nutated in the cold room (4 °C) for 2 h. The proteins were then cleaved by 
thrombin in cleavage buffer (50 mM Tris HCl, 150 mM NaCl, pH 8.0) with 0.8 g per 
100 ml n-octyl-D-glucopyranoside (OG) for cysteine mutants and SNAP-25, or 
cleaved by thrombin in cleavage buffer for soluble VAMP2 and C2AB. Purified 
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proteins were examined with 15% SDS-PAGE, and the purity was at least 85% for all 
proteins.  
SyxF and VAMP2 cysteine mutants were labeled with the fluorescence labels 
Alexa Fluor 546 and Alexa Fluor 647 (Invitrogen) or Cy3 and Cy5 maleimide 
(Amersham) (Supplementary Figure S4), respectively. The reaction mixture, with the 
dye to protein ratio of more than 5:1, was left overnight at 4°C. The free dye was 
removed using the PD-10 desalting column (Amersham). All labeled proteins were 
analyzed by the SDS-polyacryamide gel in which the labeled proteins ran a little 
slower than the wild-type, and the labeling efficiency were over 90% for all proteins 
(Supplementary Figure S1).  
 
2.5.3 Membrane reconstitution 
The mixture of POPC (1-palmitoyl-2-dioleoyl-sn-glycero-3-
phosphatidylcholine), DOPS (1,2-dioleoyl-sn-glycero-3-phosphatidylserine) and 
Cholesterol (molar ratio of 45:15:40) in chloroform was dried in a vacuum and was 
resuspended in a buffer (25mM HEPES/KOH and 100mM KCl [pH 7.4]) to make the 
total lipid concentration about 25mM. Protein-free large unilamellar vesicles ( 100 
nm in diameter) were prepared by extrusion through polycarbonate filters (Avanti 
Polar Lipids). For the lipid mixing assay, the t- vesicles contained 2 mol% DiI in 
replacement of equimolar POPC, whereas the v-SNARE vesicles contain 2 mol% DiD. 
Labeled SyxF and SNAP-25, in a molar ratio of 1:1.5, were premixed, and the 
mixture was left at room temperature for 1 hour to form the complex before the 
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reconstitution. For membrane reconstitution, proteins were mixed with vesicles at the 
protein to lipid molar ratio of 1:200 with 0.8 g per 100 ml OG in the buffer at 4°C 
for 15 min. The mixture was diluted two times with dialysis buffer (25mM HEPES, 
100mM KCl, pH 7.4), and this diluted mixture was then dialyzed in 2 L dialysis 
buffer at 4°C for overnight. 
 
2.5.4 FRET assays 
Reconstituted t-and v-vesicles were mixed at a ratio of 1:1. The final lipid 
concentrations in the reaction ranged from 0.06mM to 0.2mM. The fluorescence 
intensity was monitored in two channels with the excitation wavelength of 556 nm 
and emission wavelengths of 573 and 665 nm for Alexa Fluorescence dyes, 
respectively, or with the excitation wavelength of 545 nm and emission wavelengths 
of 570 and 668 nm for Amersham Cy Dye. Fluorescence changes were recorded with 
the Varian Cary Eclipse model fluorescence spectrophotometer using a quartz cell of 
100μL with a 2 mm path length. All measurements were performed at 35°C. 
 
2.5.5 Lipid mixing assay 
Reconstituted t vesicle and v-vesicle were mixed at a ratio of 1:1. The total 
lipid concentration in the reaction is 0.2mM. The fluorescence intensity was 
monitored in two channels with the excitation wavelength of 530 nm and emission 
wavelengths of 570 and 670 nm for DiI and DiD dye pairs, respectively. Fluorescence 
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changes were recorded with the same Varian fluorimeter. All measurements were 
performed at 35°C. 
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Figure 1 The NN-FRET assay with Syt1 and Ca
2+
. (A) NN-FRET with Syt1 (B) The 
schematic diagram for the NN-FRET assay. SyxF I187C-A546 (red) and SNAP-25 
(green) are reconstituted to t-vesicles and VAMP2 G18C-A647 (blue) is to v-vesicle. 
C2AB is shown in pink. The FRET efficiency was calculated by the formula: E = 
Ia/(Ia+Id), where Ia is the fluorescence intensity of the acceptor A647 and Id is that of 
the donor A546. The red line is the control with labeled SNAREs only without C2AB. 
The green line represents the NN-FRET assay with 1M C2AB and 1mM EDTA, 
while the blue line represents the reaction with 1M C2AB and 100M Ca2+. The 
black line is the negative control with 10M soluble VAMP2 (Vps). (C) Relative 
initial rates of the NN-FRET assays at different Ca
2+
 concentrations. Error bars, which 
represent standard deviation, were obtained from 3 independent measurements with 3 
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different preparations. (D) C2AB and C2AB/Ca
2+ 
shows similar effects on the initial 
rates of N-terminal trans SNARE assembly at different lipid concentrations (0.06mM, 
0.10mM, 0.20mM). The initial rate was measured from the slope at time near 0. 
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Figure 2 Ca
2+
-dependent stimulation of SNARE zippering by C2AB. (A) The 
schematic diagram for the MM-FRET assay. SyxF Y257C-A546 (red) combined with 
SNAP-25 (green) are reconstituted to t-vesicles, while VAMP2 K87C-A647 (blue) 
was reconstituted to v-vesicles. C2AB is shown in pink. (B) Changes of the FRET 
efficiencies (ΔF) in time after mixing t- and v-vesicles are shown. The red line is the 
control with labeled SNAREs only without C2AB or Ca2+. The green line represents 
I with 1M C2AB and 1mM EDTA, while the blue line represents ΔF with 1M 
C2AB and 100M Ca2+. The yellow line represents ΔF with 1M C2AB, 100M 
Ca
2+
 and 10M Vps. The black line is with 10M Vps without C2AB and Ca2+. (C) 
Initial rate of ΔFs in the MM-FRET assays at different Ca2+ concentrations. The error 
bars, which represent standard deviation, were obtained from 3 independent 
measurements from 3 different preparations. 
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Figure 3 Ca
2+
-dependent stimulation of cis SNARE assembly by C2AB. (A) The 
schematic diagram for the CC-FRET assay. SyxF G288C-A546 (red) combined with 
SNAP-25 (green) are reconstituted to t-vesicles, while VAMP2 T116C-A647 (blue) 
was reconstituted to v-vesicles. C2AB is shown in pink. (B) Changes of the FRET 
efficiencies (ΔF) in time. The red line is the control with labeled SNAREs only 
without C2AB or Ca
2+. The green line represents ΔF with 1M C2AB and 1mM 
EDTA, while the blue line represents ΔF with 1M C2AB and 100M Ca2+. The 
black line is the control with 10M Vps. (C) Initial rate of ΔFs in the CC-FRET 
assays at different Ca
2+ 
concentrations. The error bars, which represent standard 
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deviation, were obtained from 3 independent measurements from 3 different 
preparations. 
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Figure 4 C2AB/Ca2+ stimulates SNAREpin formation via crosslink two opposition 
membranes. (A) MM-FRET in presence of 0.8% OG. The red line is the control with 
labeled SNAREs only without C2AB or Ca
2+. The green line represents ΔF with 
0.5M C2AB and 100uM Ca, while the blue line represents ΔF with 0.05M C2AB 
and 50M Ca2+. (B) The MM-FRET with neutral membrane. The red line is the 
control with labeled SNAREs only without C2AB or Ca
2+
. The green line represents 
ΔF with 1M C2AB and 1mM EDTA, while the blue line represents ΔF with 1M 
C2AB and 100M Ca2+. (C) MM-FRET with SNAP-25 BoNT/A and BoNT/E. The 
dotted line represents MM-FRET with C2AB with Ca2+, while the sold line represent 
MM-FRET with C2AB only. And the red line is the control with labeled SNAREs 
with WT SNAP25, the green line is with SNAP25 BoNT/A, while the blue line is 
with SNAP25 BoNT/E. 
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Figure 5 The model for the stimulation SNARE zippering by Syt1 and Ca
2+
. In this 
model, syntaxin-1A (red) and SNAP-25 (green) pre-assemble into the binary t-
SNARE complex at plasma membrane, while VAMP2 (blue) and Syt1 (pink) are 
anchored on the vesicle membrane. In the stage of vesicle docking, Syt1 binding to 
the binary t-SNARE complex facilitates the synaptic vesicle docking with the plasma 
membrane (de Wit et al, 2009; Loewen et al, 2006). The N-terminus of the binary t-
SNARE complex then start zippering with the N-terminus of VAMP2, and form into a 
partially zipped trans SNARE complex. Upon the rise of the Ca
2+
 level Syt1-Ca
2+
 
interacts with the partially zipped complex and facilitates the SNARE zippering at 
membrane proximal region, which drives the vesicle fusion. 
 
 
 
57 
 
 
2.8 SUPPORTING INFORMATION 
Content: 
Supplementary Figures and Legends 
Supplementary Figure S1. Purified labeled SNARE proteins analyzed by the 
coomassie blue stained SDS-polyacryamide gel. 
Supplementary Figure S2. Lipid mixing and stimulation of lipid mixing by C2AB-
Ca
2+
 for fluorescently labeled SNAREs. 
Supplementary Figure S3. Ca
2+
 alone in the absence of C2AB does not affect the 
FRET assay. 
Supplementary Figure S4. The NN-FRET assay with C2AB with Amersham Cy 
dyes. 
Supplementary Figure S5. Ca
2+
-dependent stimulation of SNARE complex 
zippering by 5M C2AB. 
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Supplementary Figure S1 Purified labeled SNARE proteins analyzed by the 
coomassie blue stained SDS-polyacryamide gel. Labeled proteins run a little slower 
than the wild-type (WT) proteins. (A) SyxF WT (cysteine free version) and mutants 
labeled with A546. (B) VAMP2 WT (cysteine free version) and mutants labeled by 
A647. 
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Supplementary Figure S2 Lipid mixing and stimulation of lipid mixing by C2AB- 
Ca
2+
 for fluorescently labeled SNAREs. The FRET efficiency was calculated by the 
formula: E = Ia/(Ia+Id), where Ia is the fluorescence intensity of the acceptor DiD and 
Id is that of the donor DiI. The green line represents the lipid mixing with 1M C2AB 
and 1mM EDTA, while the blue line represents the lipid mixing with 1M C2AB and 
100M Ca2+. The red line is the control with SNAREs only. (A) NN-FRET pairs 
(SyxF I187C-A546 and SNAP-25 in t-vesicles and VAMP2 G18C-A647 in v-vesicles) 
(B) MM-FRET pairs (SyxF Y257C-A546 and SNAP-25 as t-SNARE and VAMP2 
K87C-A647 as v-SNARE) (C) CC-FRET pairs (SyxF G288C-A546 and SNAP-25 as 
t-SNARE and  VAMP2 T116C-A647 as v-SNARE). A proteins to lipid molar ratio of 
1:200 was used in all experiments. 
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Supplementary Figure S3 Ca
2+
 alone in the absence of C2AB does not affect FRET 
assay. Changes of the FRET efficiencies in time after mixing t- and v-vesicles are 
shown. Here, Ia is the fluorescence intensity of the acceptor A647 and Id is that of the 
donor A546. The cyan lines represent the control group with only 100M Ca2+, while 
the blue lines represent the control group with 1M C2AB and 100M Ca2+. The red 
lines are NN-FRET (A), MM-FRET (B), and CC-FRET (C).  
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Supplementary Figure S4 NN-FRET assay with C2AB with Amersham Cy dyes. (A) 
Changes of the FRET efficiencies in time after mixing t- and v-vesicles are shown. 
The red line is the control with t-vesicle reconstituted with SyxF I187C-Cy3 and 
SNAP-25 and v-vesicle reconstituted with VAMP2 G18C-Cy5. The green line 
represents the change of the fluorescence intensity with 1M C2AB and 1mM EDTA, 
while the blue line represents the NN-FRET with 1M C2AB and 100M Ca2+. (B) 
The initial rates of NN-FRET at different Ca
2+
 concentrations. The error bars, which 
represent standard deviation, were obtained from 3 independent measurements from 3 
different preparations. 
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Supplementary Figure S5 Ca
2+
-dependent stimulation of SNARE complex zippering 
with 5M C2AB. (A) The experimental design is the same as that in Figure 2. The 
red line is MM-FRET with SNAREs only. The green line represents the MM-FRET 
with 5M C2AB and 1mM EDTA, while the blue line represents the MM-FRET with 
5M C2AB and 100M Ca2+. (B) The initial rate of MM-FRET at different Ca2+ 
concentrations. The error bars, which represent standard deviation, were obtained 
from 3 independent measurements from 3 different preparations. 
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CHAPTER 3 
Α-SYNUCLEIN INHIBITS SNARE-DEPENDENT 
MEMBRANE FUSION 
 
3.1 ABSTRACT 
α-synuclein (α-Syn), a major component of Lewy body that is considered as 
the hallmark of Parkinson‟s disease (PD), has been implicated in neuroexocytosis. 
Overexpression of α-Syn decreases the neurotransmitter release. However, the 
mechanism by which α-Syn inhibits the neurotransmitter release is still unclear. Here, 
we investigated the effect of α-Syn on SNARE assembly and SNARE-dependent 
liposome fusion using fluorescence methods. The results show that α-Syn specifically 
inhibits membrane fusion via vesicle docking, without interfering with trans SNARE 
complex formation. Furthermore, mutants linked to familial PD A30P, A53T, and 
E46K are less effective than, similar to, and more effective than the wild-type in 
fusion-inhibition, respectively, correlating well with the rank order of their individual 
membrane affinities. A negatively charged lipid, which strongly favors α-Syn's 
membrane binding, is also required for the fusion-inhibiting function. Thus, α-Syn 
may inhibit SNARE-dependent vesicle fusion through membrane binding. 
 
3.2 INTRODUCTION 
α-Syn is a major component of the Lewy body that is generally found in the 
brain of the Parkinson‟s disease (PD) patients and is implicated in the familial PD 
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(Hardy & Gwinn-Hardy, 1998; Lee & Trojanowski, 2006; Shimohama et al, 2003; 
Spillantini et al, 1997). Point mutants of α-Syn also have been suggested to be related 
with the autosomal-dominant form of PD (Conway et al, 2000; Dev et al, 2003; 
Polymeropoulos et al, 1997). α-Syn is a small and peripheral membrane-binding 
protein that is widely expressed in central neurons, and is specifically localized and 
bound to the synaptic membrane (George et al, 1995; Maroteaux et al, 1988), which 
might be important for synaptic plasticity (Steidl et al, 2003; Watson et al, 2009). 
It was shown that overexpression of α-Syn both in yeast (Cooper et al, 2006) 
and in Drosophila (Gitler et al, 2008) inhibits vesicular transport from endoplasmic 
reticulum to the Golgi complex. Overexpression of α-Syn in chromaffin and rat brain 
cells largely decreased the neurotransmitter release (Larsen et al, 2006; Mosharov et 
al, 2006; Nemani et al, 2010). However, knockout of α-Syn showed little effect on the 
release (Nemani et al, 2010), which might be due to the functional redundancy among 
synuclein isoforms α, β and γ. Indeed, a recent triple knockout study revealed the 
increased release at least for young mice (Greten-Harrison et al, 2010), indicating that 
synucleins might function as a regulator for neuroexocytosis. 
The neurotransmitter release at the synapse requires the fusion of vesicles with 
the presynaptic plasma membrane. It is believed that synaptic vesicle fusion is 
mediated by SNARE proteins. Target plasma membrane (t-) SNAREs syntaxin 1A 
and SNAP-25, and vesicle (v-) SNARE VAMP2 associate to form the SNAREpin, 
which bridges two membranes, facilitating fusion (Brunger, 2005; Jahn & Scheller, 
2006; Poirier et al, 1998; Sutton et al, 1998; Weber et al, 1998). Although it was 
65 
 
 
recently shown that the C-terminal region of α-Syn interacts with VAMP2 and 
promotes SNARE assembly (Burre et al, 2010), this interaction appears to be a 
different function of α-Syn, not affecting the neurotransmitter release (Chandra et al, 
2005). It was however shown that α-Syn reduces exocytosis in yeast and causes the 
decrease of the copy number of the SNARE complex in mammalian cells (Thayanidhi 
et al, 2010), raising the possibility that α-Syn might affect SNARE-dependent fusion 
directly.  
In this work, we attempt to explore the direct impact of α-Syn on SNARE-
dependent membrane fusion in a more defined setting. The fluorescence fusion assay 
employing SNARE-reconstituted proteoliposomes revealed that SNARE-induced 
lipid mixing and cis SNARE complex formation were systematically inhibited by the 
increasing concentration of α-Syn. The known pathotype mutants α-Syn E46K, A53T, 
and A30P are shown to have a varying degree of membrane affinities, E46K being 
higher than, A53T being similar to, and A30P being lower than that of the wild-type 
(Bodner et al, 2010). Interestingly, it was found that the rank order of the inhibition 
potency is α-Syn E46K > A53T ≈ wild-type > A30P, consistent with the rank order of 
their membrane affinities. Furthermore, when the membrane binding affinity of α-Syn 
was eliminated by removing the phosphatidylserine (PS) from the membrane, α-Syn 
was no longer effective in inhibiting lipid mixing. Finally, single molecule study 
revealed that a-Syn inhibits vesicle fusion via the docking step but little effect on 
fusion pore opening. Thus, our results suggest that α-Syn‟s membrane binding causes 
the inhibition of SNARE-dependent membrane fusion. 
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3.3 RESULTS 
3.3.1 α-Syn inhibits SNARE-induced lipid mixing.  
Previous in vivo studies suggested that overexpression of α-Syn inhibits 
neurotransmitter release (Larsen et al, 2006; Mosharov et al, 2006; Nemani et al, 2010; 
Scott et al, 2010). Therefore, we asked if α-Syn interferes with the lipid mixing step 
during membrane remodeling. To answer this question, we carried out the 
fluorescence lipid mixing assay, in which wild-type t-SNARE (1:1 mixture of SyxF 
and SNAP-25) was reconstituted to t-vesicles that contained 2 mol% fluorescence 
donor lipid DiI, while wild-type VAMP2 was reconstituted to v-vesicles containing 2 
mol% fluorescence acceptor lipid DiD for the fluorescence detection of lipid mixing. 
With this set-up the fusion between t- and v-vesicles caused the increase of the 
acceptor DiD signal due to FRET (the red trace in Fig. 1A and see Fig. S1 for the 
FRET analysis). To show that lipid mixing probed by FRET between DiI and DiD 
was SNARE-dependent we carried out lipid mixing in presence of soluble VAMP2 
(Vps, amino acids 1-96), which is often used as a competitive inhibitor for SNARE-
dependent membrane fusion, showed complete inhibition of lipid mixing at 10 μM 
(the black trace in Figure 1A). Upon addition of α-Syn lipid mixing was dramatically 
inhibited, even at the concentration of 5 μM (the yellow trace in Figure 1A). With the 
increased concentration of α-Syn, the lipid mixing was attenuated progressively more 
(Figure 1A). The analysis of the initial rates of lipid mixing indicates that 50 μM α-
Syn can block SNARE-induced lipid mixing as much as 70% (Figure 1B). Because 
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lipid mixing is strictly SNARE-dependent we can rule out the possibility that α-syn 
blocks SNARE-independent spontaneous fusion of membranes. We also note that 
Ca2+ does not affect α-syn's inhibition of lipid mixing (Figure. S2). 
 
3.3.2 α-Syn inhibits cis SNARE complex formation.  
Like lipids, SNARE proteins experience a dramatic trans-to-cis 
conformational change during membrane fusion (Lu et al, 2008). Prior to fusion the 
transmembrane domains (TMDs) of t- and v-SNAREs are anchored to two separate 
bilayers. But the merging of two membranes into a single bilayer brings two TMDs 
into the same membrane, allowing their interaction. To investigate the effect of α-Syn 
on this cis SNARE complex formation we generated the C-terminal cysteine mutants 
syntaxin 1A G288C (SyxF G288C) and VAMP2 T116C (VAMP2 T116C) and 
labeled them with fluorescence donor Cy3 maleimide and acceptor Cy5 maleimide, 
respectively. The labeled t-SNARE, SyxF G288C-Cy3 combined with SNAP-25, was 
reconstituted into one population of vesicles (t-vesicles) while VAMP2 T116C-Cy5 
was reconstituted into a separate population of vesicles (v-vesicles) (Figure 2A). Both 
t- and v-vesicles contained 45 mol% POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine), 15 mol% DOPS (1, 2-dioleoyl-sn-glycero-3-phosphatidylserine) and 
40 mol% cholesterol, which mimics the lipid composition in synaptic vesicles 
(Takamori et al, 2006). The lipid-to-protein ratio was 200:1 for all measurements. The 
results clearly show that α-Syn inhibits cis SNARE complex formation although the 
inhibition is somewhat less than that of lipid mixing (Figure 2B and C). Therefore, 
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both lipid mixing and cis SNARE complex formation demonstrate that α-Syn 
attenuates SNARE-dependent membrane fusion.  
 
3.3.3 α-Syn pathotype mutants show parallel gain- and loss-of-functions in 
membrane binding vs. fusion inhibition.  
In vivo studies indicated that membrane binding ability of α-Syn may be 
correlated with its inhibition of the neurotransmitter release (Nemani et al, 2010). To 
investigate whether α-Syn‟s membrane affinity is related to its inhibition of SNARE-
dependent lipid mixing, we carried out the lipid mixing assays with three mutants of 
α-Syn, A30P, E46K, and A53T, which are linked to rare inherited PD (Conway et al, 
2000; Dev et al, 2003; Polymeropoulos et al, 1997). NMR studies indicated that α-
Syn A30P has a decreased lipid affinity, while α-Syn E46K has an increased affinity 
when compared with that of the wild-type. Meanwhile, α-Syn A53T is similar to the 
wild-type in its membrane binding activity (Bodner et al, 2010). Interestingly, the 
lipid mixing assay revealed that α-Syn A30P was somewhat less effective in 
inhibiting SNARE-dependent lipid mixing than wild-type (Figure 3A and B). In 
contrast, α-Syn E46K was a little more potent than the wild-type (Figure 3C and D). 
Meanwhile, α-Syn A53T showed little difference from the wild-type (Figure 3E and 
F). The results show a correlation between the α-Syn's membrane binding activity and 
its inhibitory activity for SNARE-dependent lipid mixing. Thus, membrane binding 
may be necessary for the inhibition of SNARE-dependent membrane fusion by α-Syn. 
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3.3.4 Inhibition of SNARE-dependent lipid mixing by α-Syn requires negatively 
charged lipids.  
It is well known that α-Syn has very low affinity for uncharged membranes 
(Davidson et al, 1998). To further verify the correlation between the membrane 
binding affinity of α-Syn and the inhibition of lipid mixing, we carried out the lipid 
mixing assay with the neutral vesicles, in which the acidic phospholipids DOPS was 
omitted. As expected, with this neutral vesicle, we did not observe any inhibition in 
lipid mixing at various α-Syn concentrations within experimental errors (Figure 4). 
Thus, the results show that the negatively charged lipids and thus, membrane binding 
is required for α-Syn's fusion inhibiting activity.  
 
3.3.5 α-Syn inhibits lipid-mixing induced by a yeast SNARE family involved in 
trafficking.  
If α-Syn's fusion-inhibiting activity is mainly due to its membrane interaction 
we reason that α-Syn will inhibit lipid mixing by other SNARE systems. Thus, we 
investigated the effect of α-Syn on lipid mixing induced by a yeast SNARE family, 
which is involved in Golgi-to-plasma membrane trafficking in yeast (Cooper et al, 
2006; Gitler et al, 2008) and is distantly related to the neuronal SNARE family with 
only less than 30% sequence identities (Ferro-Novick & Jahn, 1994). For this purpose, 
yeast t-SNARE Sso1p, the SyxF counterpart, was reconstituted to t-vesicles, and v-
SNARE Snc2p, the VAMP2 counterpart, was reconstituted to v-vesicles. The lipid 
compositions were the same as those for the lipid mixing assay with neuronal 
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SNAREs. In the lipid mixing assay, the SNAP-25 counterpart, Sec9c was added into 
the t- and v- vesicle reaction mixture to initiate the fusion reaction (the black trace in 
Figure 5A). When α-Syn was included in the fusion reaction a significant inhibition of 
lipid mixing was observed (Figure 5B). In fact, the inhibition was stronger than it was 
for neuronal SNAREs (Figure 1). Thus, the results show that α-Syn's inhibition of 
membrane fusion is not specific to neuronal SNAREs, suggesting that its fusion-
inhibiting activity comes from a different mechanism from the direct α-Syn-SNARE 
interaction. 
 
3.3.6 α-Syn specific inhibits vesicle docking. 
Although the bulk lipid mixing data suggested that α-Syn inhibits vesicle 
fusion via membrane binding ability, we can not conclude which fusion step α-Syn 
specific inhibits. To address this question, we applied the single molecule FRET assay 
to investigate the effect of α-Syn in each step of vesicle fusion. Interestingly, we 
found that α-Syn specific inhibit the vesicle docking (Figure 6A), but not lipid mixing 
(Figure 6B) or content mixing (Figure 6C and D). Furthermore, α-Syn mutants also 
show similar inhibitory effect coordinate with their membrane binding ability (Figure 
S3). Thus, our results suggested that α-Syn specificly inhibit vesicle docking via 
binding to acidic membrane. 
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3.4 DISCUSSION 
There is compelling evidence that α-Syn buildup in cells interferes with 
exocytotic pathways: α-Syn block the ER to Golgi trafficking in yeast (Cooper et al, 
2006) and in mammalian cells (Gitler et al, 2008; Thayanidhi et al, 2010). 
Overexpression of α-Syn in Chromaffin cells as well as in mouse neurons inhibits 
release of neurotransmitters (Larsen et al, 2006; Mosharov et al, 2006; Nemani et al, 
2010; Scott et al, 2010). Although it is most likely that α-Syn interferes with the 
exocytotic machinery, the molecular mechanism by which α-Syn blocks the 
exocytosis has not been known. In this work, using in vitro reconstitution, we show 
that α-Syn inhibits SNARE-dependent membrane fusion. 
It appears however that the inhibition of membrane fusion by α-Syn is not 
through the direct interaction with SNAREs, but it is rather through the α-Syn's 
membrane binding. A line of evidence supports this claim: (1) in the absence of the 
negatively charged lipid PS, which strongly favors α-Syn's membrane binding, the 
fusion-inhibiting activity of α-Syn is abrogated; (2) the gain-of-function mutant α-Syn 
E46K in membrane binding inhibits membrane fusion more than the wild-type, while 
the loss-of-function mutant A30P inhibits fusion less than the wild-type; and (3) it 
exhibits a strong inhibitory activity for even a distantly related SNAREs involved in 
yeast trafficking. 
How would α-Syn's membrane binding then inhibit membrane fusion induced 
by SNAREs? Very recently, it has been shown that α-Syn has the membrane 
tubulation activity to be able to convert liposomes to membrane tubules (Varkey et al, 
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2010). The results imply that energetically, α-Syn likes the positively curved surface 
but dislikes the negatively curved surface. It is now established that SNARE-
dependent membrane fusion transit through the hemifusion state in which the 
proximal leaflets from the two bilayers are mixed while the distal leaflets remains 
intact (Chernomordik & Kozlov, 2008; Lu et al, 2005). Although the hemifusion state 
has both negatively and positively curved surfaces, the negatively curved surface is 
the prevailing curvature. Thus, the positive curvature-favoring α-Syn would function 
as an inhibitor for formation of the hemifusion intermediate, whereby blocking further 
progression of the fusion. Alternatively, surface-bound α-Syn could block the 
apposition of two membranes directly as it was suggested for α-Syn's inhibition of 
mitochondrial membrane fusion (Kamp et al, 2010).  Or, yet an unknown interaction 
between α-Syn and SNAREs is a possibility. 
The proteoliposome fusion assay probes specifically the actual membrane 
remodeling step and our results show that α-Syn inhibits this particular step. 
Meanwhile, several cellular measurements indicate that α-Syn disrupts the upstream 
trafficking stages including vesicle tethering or vesicle reclustering as well, resulting 
in dispersion of vesicles away from the fusion active zone (Gitler et al, 2008; Nemani 
et al, 2010). Therefore, it is possible that α-Syn interferes with the neuroexocytotic 
pathway at the multiple stages, warranting further investigation. 
It has been previously argued that inhibition of exocytosis by α-Syn represents 
its toxicity (Cooper et al, 2006; Scott et al, 2010). If so, we might have expected that 
the familial PD-causing mutations A30P, E46K, and A53T gave stronger inhibition 
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for SNARE-dependent lipid mixing. On the contrary, our results revealed that there is 
no clear correlation between its fusion-inhibiting activity and disease-causing 
mutations. The findings here are short of revealing the pathogenic mechanism of 
familial PD. Therefore, we hesitate to conclude yet whether the fusion-inhibiting 
activity of α-Syn perhaps represents its toxicity or not. It is possible that the familial 
PD-causing mutants are just more susceptible to the cellular or  exogenous factors that 
lead to transformation of α-Syn to protofibrils, which is  believed to be its disease-
causing form (Conway et al, 2001), and their disease characteristics are not fully 
reflected in our results.  
For α-Syn, the fusion-inhibiting function is not necessarily in contradiction 
with its maintenance role proposed by Südhof and coworkers (Burre et al, 2010). 
Their results suggest that α-Syn binds to v-SNARE VAMP2 to maintain a high level 
of the SNARE complex population in the neuron. We speculate that this function is 
specific to cis SNARE complex, but it is not operational for trans SNARE complex 
formation for vesicle fusion. Thus, α-Syn, like other regulatory protein such as 
complexin and Munc-18 (Sudhof & Rothman, 2009; Yoon et al, 2008), might have 
dual functions: inhibiting membrane fusion through phospholipid binding and 
stimulating SNARE complex assembly via binding to VAMP2. 
In conclusion, our results demonstrate that α-Syn has the capacity of inhibiting 
SNARE-dependent membrane fusion, most likely via membrane binding, whereby 
attenuating release of neurotransmitters at the synapse.  
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3.5 MATERIALS AND METHODS 
3.5.1 Plasmid Constructs and Site-Directed Mutagenesis.  
DNA sequences encoding syntaxin 1A (amino acids 1-288 with three 
cysteines replaced by alanines), VAMP2 (amino acids 1–116 with C103 replaced by 
alanines), SNAP-25 (amino acids 1-206 with four native cysteines replaced by 
alanines), SNAP-25 BoNT/E ( amino acids 1-180), soluble VAMP2 (amino acids 1-
96), α-synuclein (amino acids 1-140), Sso1p HT (amino acids 185-290), for which the 
N-terminal α-helix Habc domain was deleted, and Snc2p (amino acid 1-115) were 
inserted into the pGEX-KG vector as N-terminal glutathione S-transferase (GST) 
fusion proteins. While Sec9c (amino acid 401-651 of Sce9) was insert into the PET-
28b vector as C-terminal His6-tagged fusion protein. We used the Quick Change site-
directed mutagenesis kit (Stratagene) to generate all cysteine mutants, including SyxF 
I187C, SyxF G288C, VAMP2 G18C, VAMP2 T116C, α-Syn A30P, α-Syn E46K, and 
α-Syn A53T; DNA sequences were confirmed by the Iowa State University DNA 
Sequencing Facility. 
 
3.5.2 Protein expression, purification and labeling.  
All cysteine mutant recombinant neuronal and yeast SNARE proteins, and α-
Syn were expressed as N-terminal glutathione-S-transferase fusion proteins. 
Recombinant proteins were expressed in Escherichia coli Rosetta (DE3) pLysS 
(Novagene). The cells were grown at 37 °C in LB medium with 100 μg ml-1 
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ampicillin until the absorbance at 600 nm reached 0.6–0.8. The cells were further 
grown for overnight after adding IPTG (0.5 mM final concentration) at 16 °C.  
His6-tagged Sec9c was purified using the Ni-NTA agarose beads (QIAGEN). 
The beads were washed with washing buffer (HEPES buffer with 20 mM immidazole 
[pH 7.4]), and then the protein was eluted out by elution buffer (HEPES buffer with 
150 mM immidazole [pH 7.4]). We purified other SNARE proteins and cysteine 
mutants using glutathione-agarose chromatography. Cell pellets were resuspended in 
20 ml PBS, pH 7.4, containing 0.2% (v/v) Triton X-100, with final concentration of 1 
mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 2 mM DTT. Cells were 
broken by sonication in an ice bath and centrifuged at 15,000 rpm for 30 min at 4 °C. 
The supernatant was mixed with 2 ml glutathione-agarose beads in PBS and nutated 
in the cold room (4 °C) for 2 h. The proteins were then cleaved by thrombin in 
cleavage buffer (50 mM Tris HCl, 150 mM NaCl, pH 8.0) with 0.8 g per 100 ml n-
octyl-D-glucopyranoside (OG) for all the neuronal and yeast SNARE proteins, and all 
the cysteine mutants, or cleaved by thrombin in cleavage buffer for soluble VAMP2, 
wild-type α-Syn and α-Syn mutants. Purified proteins were examined with 15% SDS-
PAGE, and the purity was at least 85% for all proteins.    
SyxF and VAMP2 cysteine mutants were labeled with the fluorescence labels 
Cy3 and Cy5 maleimide (Amersham). The reaction mixture, with the dye to protein 
ratio of more than 5:1, was left overnight at 4°C. The free dye was removed using the 
PD-10 desalting column (Amersham). All labeled proteins were analyzed by the SDS-
76 
 
 
polyacryamide gel in which the labeled proteins ran a little slower than the wild-type, 
and the labeling efficiency was over 80% for all proteins. 
 
3.5.3 Membrane reconstitution.  
The mixture of POPC (1-palmitoyl-2-dioleoyl-sn-glycero-3-
phosphatidylcholine), DOPS (1,2-dioleoyl-sn-glycero-3-phosphatidylserine), 
Cholesterol and DiI (t-vesicles) or DiD (v-vesicles) (molar ratio of 43:15:40:2) in 
chloroform was dried in a vacuum and was resuspended in a buffer (25 mM 
HEPES/KOH and 100 mM KCl [pH 7.4]) to make the total lipid concentration of 
about 10 mM. Protein-free large unilamellar vesicles (~100 nm in diameter) were 
prepared by extrusion through polycarbonate filters (Avanti Polar Lipids). For net 
neutral charge lipid mixing, 15 mol% DOPS was replaced by equimolar quantity of 
POPC. For the NN-FRET and CC-FRET assay, the vesicles contained 2 mol% more 
POPC in replacement of equimolar DiI or DiD, and the total lipid concentration is 25 
mM.   
SyxF or labeled SyxF and SNAP-25, in a molar ratio of 1:1.5, were premixed, 
and the mixture was left at room temperature for 1 hour to form the complex before 
the reconstitution. For yeast lipid mixing assay, Sso1p alone was reconstituted into 
membrane without pre-forming into binary complex with Sec9c. For membrane 
reconstitution, proteins were mixed with vesicles at the protein to lipid molar ratio of 
1:200 with ~0.8 g per 100 ml OG in the buffer at 4°C for 15 min. The mixture was 
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diluted two times with dialysis buffer (25 mM HEPES, 100 mM KCl, pH 7.4), and 
this diluted mixture was then dialyzed in 2 L dialysis buffer at 4°C for overnight. 
 
3.5.4 Lipid mixing assay.  
For neuronal SNARE dependent lipid mixing, reconstituted t-vesicle and v-
vesicle were mixed at a ratio of 1:1. The total lipid concentration in the reaction is 0.1 
mM. The fluorescence intensity was monitored in two channels with the excitation 
wavelength of 530 nm and emission wavelengths of 570 and 670 nm for DiI and DiD 
dye pairs, respectively. Fluorescence changes were recorded with the same Varian 
fluorimeter. All measurements were performed at 35°C. For yeast lipid mixing assay, 
lipid concentration is the same as neuronal SNARE-induced lipid mixing, and the 
FRET reaction started when 1 μM Sec9c was mixed with t- and v- liposomes. The 
initial rate was calculated by analyzing the slope value within the beginning 150 sec. 
And the initial rate of control group was normalized to 1. 
 
3.5.5 FRET assays.  
Reconstituted t-and v-vesicles were mixed at a ratio of 1:1. The fluorescence 
intensity was monitored in two channels with the excitation wavelength of 545 nm 
and emission wavelengths of 570 and 668 nm for Amersham Cy Dye, respectively. 
Fluorescence changes were recorded with the Varian Cary Eclipse model fluorescence 
spectrophotometer using a quartz cell of 100 μL with a 2 mm path length. All 
measurements were performed at 35°C. The initial rate was calculated by analyzing 
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the slope value within the beginning 150 sec. And the initial rate of control group was 
normalized to 1. 
 
3.5.6 Single vesicle lipid mixing assay.  
Details of the single-vesicle fusion FRET assay have been described. A quartz 
slide was cleaned using the 5% Alexon solution followed by 1 M potassium 
hydroxide, and then coated with 99:1 (mol/mol) mPEG:biotin-PEG (Laysan Bio). 
This PEG-treated quartz slide was placed as the bottom surface of a microfluidic 
chamber to be used as the imaging surface of our prism-type total internal reflection 
fluorescence (TIRF) microscopy (based on IX-71, Olympus). To monitor interactions 
between single v- and t-vesicles, the v-vesicles (30 M [lipids]) were attached on this 
quartz imaging surface via neutravidin (Invitrogen) that acts as molecular glue 
between biotin-PEG and biotinylated lipids. The t-vesicles (10 M [lipids]) and the 
Ca
2+
 ion solution were mixed together just prior to the main reaction. We used only 
deionized water to make the Ca
2+
 ion solutions, which seemed to minimize errors in 
obtaining the prescribed Ca2+ concentration. This t-vesicle-Ca
2+
 mixture was 
introduced into the flow chamber for the fusion reaction, and the temperature was 
maintained at 37 °C during the reaction.  
In the docking-number analysis, we used a computer algorithm that detects 
local Gaussian maxima in the TIRF images that were recorded by an electron-
multiplying charge-coupled device (iXon DU897v, Andor technology) to count the 
number of the single-vesicle complexes in a given area (programs available at 
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http://bio.physics.illinois.edu/). Our TIRF microscopy monitored the imaging area of 
4590 m2 at a time, and we calculated the ratio of docked t-vesicles and total 
anchored v-vesicles as docking probability. Therefore, it could be directly compared 
for different molecular conditions. Using the same algorithm as used for the docking-
number analysis, each vesicle-vesicle docking event and the subsequent fusion 
process were individually identified. We quantified the FRET efficiency using the 
equation, IA/(ID+ IA) where ID and IA are the donor and acceptor fluorescence 
intensities respectively. Fusion percentage was calculated by the percentage of fusion 
events with FRET efficiency higher than 0.5.   
 
3.5.7 Single vesicle content mixing 
For the real-time imaging of small sulforhodamine B content release, the same 
PEG surface was used as above. After the surface was coated with neutravidin, the 
sulforhodamine B containing v-SNARE vesicles were immobilized on the PEG-
coated surface. After two rounds of 1 ml buffer wash, empty t-SNARE vesicles were 
injected into the channel incubating with v-SNARE vesicles. After 30 minutes 
incubation in room temperature (~25 C), 500 M Ca2+ was injected at a speed of 33 
µl/sec by a motorized syringe pump. 
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3.7 FIGURES AND LEGENDS 
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Fig. 1. α-Syn inhibits SNARE-induced lipid mixing. (A) The change of fluorescence 
intensity of DiD reflects lipid mixing. The red trace is the control with t-liposome 
reconstituted with SyxF/SNAP-25 and v-liposome reconstituted with VAMP2. The 
yellow trace represents the lipid mixing for 5 M α-Syn, the green trace for 10 M α-
Syn, the blue trace for 25 M α-Syn and the pink trace for 50 M α-Syn. The dark red 
trace is the lipid mixing control with 10 μM soluble VAMP2 (Vps). (B) Normalized 
initial rates of the lipid mixing assays at different α-Syn concentrations. Error bars, 
which represent the standard deviations, were obtained from 3 independent 
measurements with 3 different preparations. 
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Fig. 2. α-Syn inhibits the cis SNARE complex formation. (A) The schematic diagram 
for the CC-FRET assay. SyxF G288C-Cy3 (red) and SNAP-25 (green) are 
reconstituted tot-vesicles while VAMP2 T116C-Cy5 (blue) is reconstituted to v-
vesicles. α-Syn is shown in pink. The change in CC-FRET would result from 
formation of cis SNARE complex. (B) Changes of the fluorescence intensity of 
acceptor Cy5 in time after mixing t- and v-vesicles are shown. The red trace is the 
control with labeled SNAREs only. The green, blue and pink traces represent the CC-
FRET assay with 10 M, 25 M, and 50 M α-Syn, respectively. The black trace 
represents CC-FRET without SNAP-25. (C) Relative initial rates of the CC-FRET 
assays at different α-Syn concentrations. Error Bars, which represent the standard 
deviations, were obtained from at least n=3 independent measurements with 3 
different preparations.  
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Fig. 3. Lipid binding affinity of α-Syn correlates to the inhibition effect of membrane 
fusion. The change of fluorescence intensity of DiD reflects lipid mixing. The red 
traces are lipid mixing control group. The green traces represent the lipid mixing with 
α-Syn, while the blue, cyan, and pink traces represent the lipid mixing with α-Syn 
A30P (A), α-Syn E46K (C) and α-Syn A53T (E) at the concentration of 10 μM, 25 
μM and 50 μM, respectively. The black trace is the lipid mixing control with 10 μM 
Vps. Normalized initial rates of the lipid mixing assays at different α-Syn and α-Syn 
A30P (B), α-Syn E46K (D) and α-Syn A53T (F) concentrations. Error bars, which 
represent the standard deviations, were obtained from 3 independent measurements 
with 3 different preparations. 
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Fig. 4. α-Syn promotes SNARE-induced neutral lipid mixing. (A) The change of 
fluorescence intensity of DiD reflects neutral lipid mixing. The red trace is the control 
with t-liposome reconstituted with SyxF/SNAP-25 and v-liposome reconstituted with 
VAMP2. The green trace represents the lipid mixing for 10 M α-Syn, the blue trace 
for 25 M α-Syn, and the pink trace for 50 M α-Syn. The black trace is the lipid 
mixing control with 10 M soluble VAMP2 (Vps). (B) Normalized initial rates of the 
lipid mixing assays at different α-Syn concentrations. Error bars, which represent the 
standard deviations, were obtained from 3 independent measurements with 3 different 
preparations. 
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Fig. 5. α-Syn inhibits lipid fusion via membrane binding. (A) The change of 
fluorescence intensity of DiD reflects lipid mixing. The black trace is the control with 
t-liposome reconstituted with Sso1P and v-liposome reconstituted with Snc2P. The 
yellow trace represents the lipid mixing for 5 M α-Syn, the green trace for 10 M α-
Syn, the blue trace for 25 M α-Syn and the pink trace for 50 M α-Syn. (B) 
Normalized initial rates of the lipid mixing assays at different α-Syn concentrations. 
Error bars, which represent the standard deviations, were obtained from 3 independent 
measurements with 3 different preparations. 
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Fig.6. α-Syn Specific inhibits vesicle docking. (A) Bar graph of vesicle docking 
probability with or without α-Syn. (B) Bar graph of lipid mixing fraction with or 
without α-Syn. (C) α-Syn does not affect single vesicle content mixing in presence of 
Syt1 and Ca
2+
. (D) Content mixing events in 1 minute with/without α-Syn. 
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3.8 SUPPORTING INFORMATION. 
Content: 
         
         
Supplementary Figure 1. α-Syn inhibits SNARE-induced lipid mixing. 
Supplementary Figure 2. Ca
2+
 shows little effect on lipid mixing in the presence of 
α-Syn.  
Supplementary Figure 3. a-Syn mutants effect on vesicle docking and fusion. 
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Fig. S1. α-Syn inhibits SNARE-induced lipid mixing. The change of the FRET 
efficiency E reflects lipid mixing. The red trace is the control with t-liposome 
reconstituted with SyxF/SNAP-25 and v-liposome reconstituted with VAMP2. The 
yellow trace represents the lipid mixing for 5M α-Syn, the green trace for 10M α-
Syn, the blue trace for 25M α-Syn and the pink trace for 50M α-Syn. The black 
trace represents the lipid mixing without SNAP-25. 
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Fig. S2. Ca
2+
 shows little effect on lipid mixing in the presence of α-Syn. The change 
of fluorescence intensity of DiD reflects lipid mixing. The black traces are the control 
with t-vesicle reconstituted with SyxF/SNAP-25 and v-vesicle reconstituted with 
VAMP2. The blue traces represent the lipid mixing with different concentrations of α-
Syn and 100μM Ca2+ while the green traces are lipid mixing with different 
concentration of α-Syn only without Ca2+, 10μM α-Syn (left), 25μM α-Syn (middle), 
and 50μM α-Syn (right).  
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Fig. S3. α-Syn mutants effect on vesicle docking and fusion. (A) vesicle docking and 
(B) lipid mixing. 
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CHAPTER 4 
LIPID MOLECULES INFLUENCE ON EARLY STAGES 
OF MEMBRANE FUSION IN THE VESICLE-VESICLE 
MODEL SYSTEM 
  
4.1 MANUSCRIPT 
Membrane fusion is a process involved in a wide variety of important life 
activities, such as protein trafficking and neuronal transmitter release. As a 
nonspontaneous process, membrane fusion is a process facilitated by diverse proteins 
in vivo. These proteins regulate the specific recognition of membranes, bring the 
separated membranes close, and locally destabilize the lipid/water interface to initiate 
the fusion. In eukaryotic vesicular trafficking, soluble N-ethylmaleimide-sensitive 
factor attachment protein receptors (SNAREs) have been accepted as the core factor 
for membrane fusion facilitated by several other accessory proteins.  
Besides proteins, lipid molecules also play as important active regulators in 
the SNARE-mediated membrane fusion from two aspects: membrane curvature and 
protein assembly (Yoon et al, 2011). Regarding membrane curvature modulated by 
lipid molecules, previous studies at the lipid mixing level showed that lipid molecules, 
such as cholesterol and phosphatidylethanolamine (PE) inducing negative curvatures 
significantly influence membrane fusion (Chang et al, 2009; Domanska et al, 2010; 
Tong et al, 2009; Yoon et al, 2011). For the role of protein assembly, recent studies 
showed that cholesterol and phosphatidylinositol-4,5-bisphosphate (PIP2) could 
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induce t-SNARE protein clustering (Murray & Tamm, 2009; Murray & Tamm, 2011; 
van den Bogaart et al, 2011), which is a critical initial step for SNARE-mediated 
membrane fusion. Moreover, lipid molecules can also regulate trans-SNARE complex 
formation (Mima & Wickner, 2009). 
To study SNARE-mediated membrane fusion, the in vitro protein-
reconstituted vesicle-vesicle fusion assay involving ensemble Förster resonance 
energy transfer or fluorescence resonance energy transfer (FRET) has been developed 
since the 90‟s (Weber et al, 1998). In a common scheme, v- and t-SNARE proteins 
are reconstituted into two independent populations of vesicles where one population 
of vesicles contains both acceptor and donor (7-nitrobenz-2-oxa-1,3-diazol-4-yl 
(NBD)/rhodamine) fluorophore-labeled-lipid molecules and the other contain no 
fluorophores. Upon vesicle-vesicle fusion, lipid mixing results in an increase of the 
average distance between donors and acceptors, and the degree of fusion can be 
quantified from the recovery of the donor fluorescence emission. 
As shown in the Figure 1A, cholesterol and PE molecules dramatically 
stimulate lipid mixing in ensemble vesicle-vesicle assay. However, it has been shown 
that the rate of ensemble lipid mixing assay is mainly limited by early stages of 
membrane fusion, such as docking (Cypionka et al, 2009; Diao et al, 2011). To study 
the late stages, a C-C FRET assay was utilized to study the full zipping of SNARE 
complexes, in which C-terminal transmembrane domains of membrane-anchored 
SNARE proteins, Sso1 and Snc2, were labeled with donor and acceptor dyes, 
respectively. A high efficiency of C-C FRET would directly reflect a completed 
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formation of SNARE complexes (Chang et al, 2009; Tong et al, 2009). For full 
SNARE formation, the influence of lipid molecules is minor (Figure 1B).  
Moreover, we have developed a single vesicle-vesicle content mixing assay 
involving large content mixing indicators to report the expansion of fusion pores 
(Diao et al, 2012; Diao et al, 2010). Through this new assay, we also confirmed a 
minor influence on fusion pore expansion from lipid composition in the vesicle-
vesicle system. As shown in the Figure 2, comparing with the lipid composition 
showing the most lipid mixing in Figure 1A, 45 mol% DOPC, 40 mol% cholesterol, 
and 15 mol% POPS, the deletion of cholesterol molecules has almost no effect for 
content mixing, while the addition of POPE molecules slightly reduces the level of 
content mixing.  
We have shown that PE, a lipid molecule with a small head group favoring the 
negatively curved monolayer, and cholesterol with the intrinsic negative curvature, 
can significantly promote ensemble lipid mixing without changing protein 
incorporating rate (Figure 3A). Since the rate limited step of ensemble lipid mixing is 
docking (Cypionka et al, 2009; Diao et al, 2011), our results totally agree with a 
recent report from Stamous‟s group showing that docking is regulated by membrane 
curvature (Kunding et al, 2012). For late fusion steps after out leaflet mixing, fusion 
intends to become a downhill process (Risselada et al, 2011). Meanwhile, the highly 
curved membrane in the vesicle-vesicle fusion system (Figure 3B and 3C) also 
reduces the energy barrier towards full fusion. Therefore, it is reasonable to see a mild 
influence from lipid molecules at the late steps of membrane fusion. 
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This study also implied that traditional ensemble lipid mixing is a limited 
assay to study SNARE-mediated membrane fusion. Furthermore, the vesicle-vesicle 
fusion assay is not an ideal system to mimic real synaptic vesicle fusion in which 
small vesicles fuse to a flat target membrane. Content mixing assay and support 
bilayers could be better solutions (Domanska et al, 2009; Karatekin & Rothman, 2012; 
Kyoung et al, 2011; Rawle et al, 2011). 
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4.3 FIGURES AND CAPTIONS 
 
FIGURE 1 (A) Ensemble vesicle-vesicle lipid mixing of yeast SNARE-mediated 
membrane fusion with various lipid compositions, 45:15:40 (mol%) 
PC:PS:Cholesterol, 45:40:15 (mol%) PC:PE:PS, and 85:15 (mol%) PC:PS, (1.5 mol% 
of NBD and rhodamine were added into Snc2 reconstituted vesicles by replacing 
equal amount of POPC). Fluorescence change of NBD) for lipid mixing was 
normalized with respect to the maximum fluorescence intensity obtained by adding 
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0.1% Triton X-100. (B) C-C FRET at various lipid compositions. C-C FRET refers to 
the FRET between donor (Cy3 dye) and acceptor (Cy5 dye) molecules labeled on the 
C-terminal ends of Sso1 (R290C) and Snc2 (S115C) proteins, respectively. The FRET 
efficiency of CC-FRET was shown.  
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FIGURE 2 Single vesicle-vesicle content mixing results for different lipid 
compositions, 45:15:40 (mol%) PC:PS:Cholesterol (upper panel), 45:40:15 (mol%) 
30 min incubation at 37 
o
C was applied for all experiments.  
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FIGURE 3 (A) SDS gel image of Sso1 and Snc2 proteins before and after 
reconstitution with different lipid compositions. (B) The negative stain transmission 
electron micrograph of liposomes in the study. (C) Illustration of the vesicle-vesicle 
fusion system. 
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CHAPTER 5 
THE IMPORTANCE OF AN ASYMMETRIC 
DISTRIBUTION OF ACIDIC LIPIDS FOR 
SYNAPTOTAGMIN 1 FUNCTION AS A CA
2+
 SENSOR 
A paper published in Biochemical Journal, 2012, vol 443: 223-229 
Ying Lai and Yeon-Kyun Shin 
 
5.1 ABSTRACT 
Synaptotagmin 1 (Syt1) is a major Ca
2+
 sensor for synaptic vesicle fusion. 
Although Syt1 is known to bind to SNARE complexes and to the membrane, the 
mechanism by which Syt1 regulates vesicle fusion is controversial. Here we used in 
vitro lipid mixing assays to investigate the Ca
2+
-dependent Syt1 function in 
proteoliposome fusion. To study the role of acidic lipids, the concentration of 
negatively charged DOPS in the vesicle was varied. Syt1 stimulated lipid mixing by 
factors of 3-10 without Ca
2+
. However, with Ca
2+
 there was additional factors of 2-5 
enhancement. But the Ca
2+
-dependent stimulation was observed only when there was 
excess PS on the t-SNARE side, and if there was equal or more PS on v-SNARE side, 
the Ca
2+
-dependent stimulation was not observed. We found that Ca
2+
 in a few ten 
µM level was sufficient to give rise to the maximal enhancement. The single vesicle 
fusion assay indicates that the Ca
2+
-dependent enhancement was mainly on docking 
while its effect on lipid mixing was small. Thus, for Syt1 to function as a Ca
2+
 sensor, 
a charge asymmetry appears to be important and it may play a role in steering Syt1 to 
make productive trans binding to the plasma membrane. 
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5.2 INTRODUCTION 
The neurotransmitter release at synapses underlies major brain functions such 
as cognition, emotion, and memory. The precise temporal control of the release is 
essential for healthy brain activities. SNAREs are known to be the core fusion 
machinery in neuro-exocytotic pathways (Brunger, 2005; Jahn & Scheller, 2006; 
Weber et al, 1998). SNARE complex formation in between two membranes is 
mediated by the cognate coiled coil motifs of t- and v-SNAREs: One such motif from 
t-SNARE syntaxin 1A, two from t-SNARE SNAP-25, and another from v-SNARE 
VAMP2 form a parallel four-stranded coiled coil, which brings about apposition of 
two membranes (Poirier et al, 1998; Sutton et al, 1998). The SNARE complex itself 
however does not appear to have the required regulatory capacity that confers the 
temporal on/off switching of membrane fusion. A vesicle protein Syt1 is instead 
believed to be the key regulator for the temporal control of SNARE-dependent 
synaptic vesicle fusion (Chapman, 2002; Rizo & Rosenmund, 2008; Sudhof, 2004). 
Syt1 senses the spike of the Ca
2+
 level in the cytoplasm, which is resulted from the 
action potential, and it helps trigger fast fusion (Lee et al, 2010; Yoshihara & Littleton, 
2002). 
In molecular level, Syt1 is known to bind SNARE complexes (Choi et al, 2010; 
Dai et al, 2007; Vrljic et al, 2010) and to the membrane (Chapman & Davis, 1998; 
Davletov & Sudhof, 1993; Fernandez et al, 2001). Syt1 is shown to have the affinity 
to the binary t-SNARE complex (Bhalla et al, 2006; Rickman et al, 2006). 
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Consistently, several in vivo and in vitro studies have suggested that Syt1 is required 
for vesicle docking to the plasma membrane (de Wit et al, 2009; Lee et al, 2010), 
most likely via its interaction with the t-SNARE complex. Also, Syt1 is known to 
bind to the ternary SNARE complex (Bowen et al, 2005; Chicka et al, 2008; Choi et 
al, 2010; Dai et al, 2007; Vrljic et al, 2010). According to the recent fusion clamp 
model, complexins, a family of small soluble proteins that bind to the SNARE 
complex (Chen et al, 2002; Pabst et al, 2002), clamp the fusion by preventing 
SNAREs from completing complex formation (Giraudo et al, 2006; Giraudo et al, 
2009; Lu et al, 2009; Schaub et al, 2006; Tang et al, 2006).It has been proposed that 
Syt1 binding to the SNARE complex displaces complexin from it, allowing complete 
SNARE assembly and membrane fusion.  
Syt1 binding to the membrane appears to be essential for membrane fusion 
(Fernandez-Chacon et al, 2001; Martens et al, 2007; Rhee et al, 2005). For example, 
alanine mutations in the Ca
2+
-binding loop of Syt1 impairs the lipid-binding activity, 
which results in the complete abrogation of the evoked release. But tryptophan 
mutations in the loop region lead to a higher lipid-binding affinity and consequently, a 
higher Ca
2+
-dependent enhancement in membrane fusion than the wild type (Martens 
et al, 2007; Rhee et al, 2005). It is recently suggested that Syt1 has an ability to buckle 
the membrane to create a locally positive curvature (Hui et al, 2009; Martens et al, 
2007), which is believed to help membrane fusion (Chernomordik & Kozlov, 2003), 
although such a mechanism is not fully substantiated experimentally. Interestingly, 
negatively charged PIP2 appears to play a specific role for Syt1 function (Bai et al, 
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2004; Tucker et al, 2003). Syt1 may directly interact with PIP2 even in the absence of 
Ca
2+
 (Bai et al, 2004). Moreover, PIP2 is shown to facilitate the membrane-
penetration of Syt1 into the membrane and regulates the Ca
2+
-dependent enhancement 
of vesicle fusion (Bai et al, 2004). It is recently shown that PIP2 has the tendency to 
cluster near the t-SNARE complex (van den Bogaart et al, 2011), which could help 
the simultaneous interaction of Syt1 to both SNARE complexes and the membrane 
(Dai et al, 2007).  
Our recent single vesicle fusion study indicates that for the full-length Syt1 the 
trans surface charge asymmetry with some excess charges on the t-vesicles is 
necessary for Ca
2+
-dependent enhancement of vesicle fusion (Lee et al, 2010). 
Otherwise, the excess acidic phospholipids on the v-vesicles could cause the cis 
interaction of Syt1, which leads to the loss of the Ca
2+
-dependent stimulatory function 
of Syt1 (Lee et al, 2010; Stein et al, 2007). This result explains partially the reason 
why reconstituted Syt1 has consistently failed to show Ca
2+
-dependent stimulation for 
SNARE-dependent lipid mixing. It turns out that in all those previous studies of Syt1 
the influence of trans charge asymmetry has not been explored.  
In this work, we extend our investigation of the effect of the trans surface 
charge asymmetry on the Syt1 function. By changing the concentration of a 
negatively charged lipid DOPS on the vesicle, we verify that an excess amount of 
acidic phospholipids on the t-vesicles compared to that on the v-vesicles is important 
for the Ca
2+
-dependent stimulation of lipid mixing by Syt1. Under these conditions 
we observe the stimulation by Syt1 with the physiological a few ten µM Ca
2+
 level. 
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Furthermore, the single vesicle fusion assay, which can separate vesicle docking from 
lipid mixing, indicates that the stimulation by Ca
2+
 is mainly on the docking step 
while the enhancement of the fusion step is modest. 
 
5.3 RESULTS 
5.3.1 Syt1 shows both Ca
2+
-dependent and -independent stimulation of lipid 
mixing.  
Although C2AB, a recombinant soluble version of Syt1 lacking the 
transmembrane segment, was often used as an alternative model for Syt1 in a variety 
of in vitro studies (Hui et al, 2009; Martens et al, 2007; Tucker et al, 2004), it could 
not recapitulate some essential features of the full-length Syt1 functions such as the 
Ca
2+
-independent enhancement of SNARE-driven membrane fusion (Lee et al, 2010; 
Stein et al, 2007). Moreover, a recent study indicates that the stimulation of SNARE-
mediated lipid mixing by Ca
2+
 correlates well with the C2AB's capacity to cross-link 
or aggregate vesicles by simultaneous binding to two membranes (Hui et al, 2011), 
while such cross-membrane binding may not be necessary for Syt1 to stimulate 
vesicle fusion (Lee et al, 2010; Stein et al, 2007).  
To investigate the function of Syt1 in membrane fusion, we applied the in 
vitro lipid mixing assay by reconstituting Syt1 into proteoliposomes. In our bulk 
fluorescence lipid mixing assay, t-SNARE, syntaxin 1A combined with SNAP-25, 
was reconstituted into a population of vesicles (t-vesicles) which contain 1.5mol% DiI 
(1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate), 63.5mol% 
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POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), 15mol% DOPS (1, 2-
dioleoyl-sn-glycero-3-phosphatidylserine) and 20mol% cholesterol, while VAMP2 
together with Syt1 at the molar ratio of 1:1, were reconstituted into a separate 
population of vesicles (v-vesicles), which contain 1.5mol% DiD (1,1'-dioctadecyl-
3,3,3',3'-tetramethylindodicarbocyanine perchlorate), 78.5mol% POPC, and 20mol% 
cholesterol (Figure 1A). DiI and DiD are the fluorescence donor and acceptor lipids, 
respectively. The molar ratio of DiI, DiD and cholesterol were kept constant and the 
lipid to the SNARE protein ratio was fixed at 200:1 throughout samples. To facilitate 
the trans interaction of Syt1 with t-vesicles membrane, we removed the acidic 
phospholipids from the v-vesicles. 
Lipid mixing was assessed by the increase of fluorescence resonance energy 
transfer (FRET) between DiI and DiD when lipid mixing occurs. As expected, with 
Syt1, it showed obvious Ca
2+
-independent enhancement in lipid mixing (green line in 
Figure 1B), compared to the case without Syt1 (black line in Figure 1B). Moreover, 
with 50M Ca2+, an additional enhancement was observed in the FRET signal (red 
line in Figure 1B). However, the stimulatory effect of Syt1 with Ca
2+
 on lipid mixing 
was blocked by adding 10M recombinant soluble VAMP2 (amino acids 1-93, Vps) 
or by removing SNAP-25 (SNP) (the dotted lines in dark green and grey, respectively 
in Figure 1B), indicating that the stimulation by Ca
2+
 is strictly SNARE-dependent. 
The Ca
2+
-independent stimulation by Syt1 of the initial lipid mixing rate was as much 
as a factor of 6, while it added another factor of 4-5 with 50M Ca2+ (Figure 1C).   
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5.3.2 A few ten M range Ca2+ is sufficient for Ca2+-dependent stimulation of 
lipid mixing by Syt1. 
It is well known that the cellular Ca
2+
 concentration is only in a nano molar 
range, while the extracellular Ca
2+
 concentration is over thousand M. In response to 
the action potential, the cellular Ca
2+
 concentration increases from a nano molar to a 
few ten micro molar range by the Ca
2+
 influx, which initiates Syt1-mediated Ca
2+
-
dependent neurotransmitter release (Heidelberger et al, 1994). However, the Ca
2+
 
concentration range that triggers Syt1-triggered membrane fusion is still controversial. 
Here, to understand the concentration dependence of Ca
2+
-dependent stimulation of 
lipid mixing by Syt1, we measured the stimulation effect at different Ca
2+
 
concentrations. We carried out the experiments at various molar ratios of PS in v-
vesicles (0, 5, and 10mol%) while keeping that in the t-vesicles fixed (15mol%). The 
results show that Syt1 has the most effective Ca
2+
-dependent stimulation at around 
50M (Figure 2A). The enhancement was about factors of 4-5 and it was similar 
regardless of the varying molar ratios of PS in v-vesicles. As the Ca
2+
 concentration 
increased above 50M, Syt1 stimulatory effect was gradually reduced to reach 30-60% 
of its maximum value at 200M Ca2+, similar to what had been observed in our 
previous work (Lee et al, 2010). This Ca
2+
-dependent behavior was successfully 
modeled with cis binding of Syt1 at high Ca
2+
 concentrations (Lee et al, 2010).   
A previous study indicated that Syt1 could interact with the membrane 
containing PIP2 (Bai et al, 2004), which could help vesicle docking in the absence of 
Ca
2+
. To investigate the PIP2 effect, 2mol% PIP2 was added by replacing POPC on t-
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vesicles. With PIP2, Ca
2+
-dependent enhancement was merely around factors of 2 
while the Ca
2+
-independent enhancement was as much as factors of 10 (Figure 2B). 
Interestingly, with PIP2, the Ca
2+
 level that gave the maximum effect of Syt1 shifted 
down to ~20M. We also observed a monotonic decrease of Ca2+-dependent 
stimulation above 20M Ca2+, and when the Ca2+ concentration is higher than 100M, 
Syt1 stimulatory effect was decreased to the level in the absence of Ca
2+
. 
 
5.3.3 Vectorial membrane surface charge asymmetry may be necessary for the 
Syt1 function as a Ca
2+
 sensor. 
Recent studies have suggested that a proper trans charge distribution on two 
membranes is critical for Syt1 to regulate Ca
2+
-dependent stimulation of fusion (Lee 
et al, 2010; Stein et al, 2007). PS on the t-vesicles seems to be required for membrane 
binding of Syt1 via the electrostatic interaction, while PS on the v-vesicles could 
cause the undesirable cis interaction with Syt1, which would impair the Syt1 function 
as a Ca
2+
 sensor (Lee et al, 2010). 
To further verify these results we investigate the opposite case in which there 
is more or equal PS on v-vesicles, which we expect to deprive the Ca
2+
-dependent 
stimulatory function from Syt1. For all cases investigated, we still observe the Ca
2+
-
independent enhancement by Syt1 (Figure 3), although they are somewhat less than 
those of the previous cases of excess surface charges on t-vesicles. When the t- and v-
vesicles contain the equal amount of PS, no matter whether the t-vesicles contain PIP2 
or not, none of them show any Ca
2+
-dependent enhancement by Syt1 (Figure 3). 
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Furthermore, when v-vesicles contain more acidic phospholipids than t-vesicles, we 
observe a monotonic decrease of the initial rate of lipid mixing or total abrogation of 
the Ca
2+
-dependent enhancement. The results show that in cases that the v-vesicles 
have more acidic phospholipids than the t-vesicles, Syt1-Ca
2+ 
would lose its 
preferential binding to the t-vesicles, which leads to the loss of its Ca
2+
-dependent 
stimulation function for Syt1. Overall, our results show that more acidic 
phospholipids on the t-vesicles than those on the v-vesicles are required for Syt1-Ca
2+ 
to keep its preferential binding to the t-vesicles. 
 
5.3.4 Syt1-Ca
2+
 stimulates mainly vesicle docking. 
Finally, to dissect Ca
2+
-dependent stimulation by Syt1 in lipid mixing in 
further details, we applied the single vesicle fusion assay that is capable of separating 
docking from lipid mixing. In our experiment, v-vesicles containing 0.1mol% biotin 
and 1.5mol% acceptor dye DiD were immobilized on the imaging PEG surface 
through the neutravidin-biotin conjugation, while t-vesicles containing 1.5mol% 
donor dye DiI were mixed with Ca
2+ 
and then flown into the flow cell to react with the 
surface-immobilized v-vesicles (Figure 4A). 
Unlike the traditional lipid mixing assay in which the overall fluorescence 
signal is analyzed, in the single vesicle fusion assay the fluorescence signal from 
individual surface immobilized vesicles or vesicle pairs is separately analyzed (Lee et 
al, 2010). This way, we can determine the percentage of v-vesicles docked by t-
vesicles. Furthermore, for docked vesicle pairs, by analyzing the FRET efficiency  
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based on the criteria that low FRET values in the range of 0~0.5 indicate vesicle 
docking without fusion while high FRET values in the range of 0.5~1 report fusion, 
we could determine the progression of fusion for each vesicle pair. 
The docking probability was calculated by the ratio of the number of docked t-
vesicles to the total number of immobilized v-vesicles. The fusion percentage was 
calculated by dividing the number of vesicle pairs with the FRET efficiency higher 
than 0.5 by the total number of docked vesicle pairs. Interestingly, we observed 
factors of 3-4 Ca
2+
-independent enhancement of vesicle docking. However, with 
20M Ca2+, additional factors of 2-3 stimulation of vesicle docking was observed 
when t-vesicles contained more acidic phospholipids than v-vesicles. But we observed 
little increase of docking when t- and v-vesicles have equal negative charge (Figure 
4B). Without SNAP-25, Syt1-Ca
2+
 mediated vesicle docking was inhibited by 80%, 
indicating that the interaction between Syt1 and t-SNARE complex was essential for 
synaptic vesicle docking (Figure 4B). However, after vesicle docking, Syt1 has only 
20% Ca
2+
-dependent enhancement in lipid mixing regardless of whether t-vesicles 
contain more acidic phospholipids or not (Figure 4C). But again without SNAP-25, 
lipid mixing was completely blocked, indicating that vesicle fusion was strictly 
SNARE-dependent (Figure 4C). Overall, the results show that an asymmetric 
distribution of acidic phospholipids provides a higher affinity binding site on t-
vesicles for Syt1 when they dock onto the t-vesicles, which causes Ca
2+
-dependent 
enhancement by Syt1 in vesicle fusion. 
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5.4 DISCUSSION 
In this work, our results demonstrate that an excess surface charge on the t-
vesicles is necessary for Ca
2+
-triggered stimulation of SNARE-dependent lipid 
mixing by Syt1. Only in the presence of more acidic lipids in t-vesicles did we 
observe the Ca
2+
-dependent enhancement of lipid mixing. The stimulation was at its 
maximum in a few ten M Ca2+ range, consistent with in vivo results (Heidelberger et 
al, 1994) that synchronous neurotransmitter release is, in most cases, triggered by a 
few ten M Ca2+. Interestingly, the Ca2+-dependent enhancement decreases as the 
Ca
2+
 increases further over the optimal value. Such decrease in Ca
2+
-dependent 
enhancement at the high concentration of Ca
2+
 (above 100M) might stem from two 
possible reasons: one scenario is the cis interaction between Syt1 and v-vesicles 
membrane (Lee et al, 2010), and the other scenario is that high Ca
2+
 can cover the 
negatively charged surface of t-vesicles which would reduce the trans binding of Syt1 
to t-vesicles. In fact, it turns out that under these conditions around 2/3 of PS is 
estimated to be to Ca
2+
-bound (Hauser et al, 1976). 
It is well documented that concentrations of lipid components on the synaptic 
vesicle are not equal to those on the plasma membrane (Cotman et al, 1969; Takamori 
et al, 2006). In particular, the plasma membrane contains a significantly higher 
concentration of the acidic phospholipids such as PIP2 and PS than the synaptic 
vesicle. Therefore, such asymmetric lipid distribution with excess negative surface 
charges on the target membrane appears to satisfy the condition for Syt1 to function 
as a Ca
2+
 sensor. 
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We observed that the inclusion of 2mol% PIP2 in the t-vesicles shifted the 
optimum Ca
2+
 concentration from ~50µM to ~20µM. Our previous result from the 
single vesicle fusion study showed that it moved further down to ~10M Ca2+ when 
6mol% PIP2 was included in t-vesicles (Lee et al, 2010). Based on such a PIP2-
dependent trend of the optimum Ca
2+
 level, we speculate that the spatio-temporal 
variation of PIP2 in the target membrane controls the dynamic range of the Ca
2+
 
sensitivity in neuro-exocytosis. 
Surprisingly, we observe Ca
2+
-dependent stimulation of lipid mixing even in 
the absence of any negatively charged lipids in v-vesicles. There are two competing 
mechanistic models that detail the Syt1 interactions with SNAREs and two 
membranes. Chapman and coworkers found that C2AB has a capacity of aggregating 
vesicles in a Ca
2+
-dependent manner (Hui et al, 2011), which correlates well with its 
ability to stimulate lipid mixing. Thus, they proposed that the cross-linking of two 
membranes by cross-binding of C2AB to two membranes is critical for Ca
2+
-
dependent stimulation of fusion. Alternatively, Jahn and coworkers argued that Syt1 
binding to t-SNARE on the target membrane and its simultaneous cis binding to 
vesicle membrane is important for the Ca
2+
-dependent stimulation (Stein et al, 2007). 
However, both models are based on the electrostatic interaction of C2 domains to the 
vesicle membrane, requiring the presence of the negatively charged lipids on the 
vesicles. Therefore, our result that negatively charged lipid is not necessary for the 
Ca
2+
-dependent stimulation of lipid mixing argues against both mechanistic models. 
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However, it appears that the negatively charged lipids on the t-vesicles are 
necessary for the Syt1 function as Ca
2+
 sensor. Is Syt1 then binding to the bare target 
membrane or the simultaneous binding to SNARE complexes required?  In our single 
vesicle fusion assay we found that in the absence of SNAP-25 there is no significant 
docking regardless of the presence of Ca
2+
, strongly suggesting that SNARE 
complexes are required for Syt1's interaction with the target membrane. Therefore, 
collectively, our results are consistent with the mechanistic model proposed by Rizo 
and coworkers that predicts the simultaneous binding of Syt1 to both a SNARE 
complex and the target membrane (Dai et al, 2007). 
Our results show how asymmetric distribution of the acidic phospholipids 
between vesicle and plasma membranes can help steer Syt1 to bind the target 
membrane in a proper orientation with the Ca
2+
-binding loop towards the target 
membrane. By changing the molar ratio of DOPS on the t- and v-vesicles, we found 
that vectorial asymmetric partitioning of acidic phospholipids is important for Ca
2+
-
dependent enhancement of lipid mixing by Syt1. Specifically, only when t-vesicles 
contain more PS than v-vesicles, can Syt1 stimulate the lipid mixing in Ca
2+
-
dependent manner. Otherwise, with equal or higher DOPS in v-vesicles, Syt1 could 
lose its preference to bind to the t-vesicles, which could inhibit Ca
2+
-dependent 
enhancement of lipid mixing.  
Finally, using the single vesicle fusion assay, we were able to separate vesicle 
docking from lipid mixing. The results show that total a factor of 10 Ca
2+
-independent 
enhancement by Syt1 in the bulk lipid mixing assay comes from both the stimulation 
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of vesicle docking (factors of 3-4) and that of vesicle fusion (factors of 2-3), while the 
factor of 2 Ca
2+
-dependent enhancement is mainly from the stimulatory effect of Syt1 
on vesicle docking. Although a factor of two enhancement of docking by Ca
2+
 in this 
work is similar to our previous analysis (Lee et al, 2010), a modest increase of the 
fusion probability by Ca
2+
 is different from a factor of two increase of lipid mixing 
observed in the previous work. The discrepancy might be due to the fact that 2mol% 
PIP2 was used in this work while 6mol% PIP2 had been used in the previous work. 
In summary, the results show that for Syt1 a vectorial surface charge 
asymmetry is necessary for Ca
2+
-dependent enhancement of SNARE-dependent 
membrane docking. The charge asymmetry might play a role in steering Syt1 to bind 
the target membrane instead of binding to the vesicle membrane non-productively.  
 
5.5 MATERIAL AND METHODS 
5.5.1 Protein expression and purification 
Recombinant neuronal SNARE proteins from rat: syntaxin 1A (amino acids 1-
288), SNAP-25 (amino acids 1-206), VAMP2 (amino acids 1-116), and soluble 
VAMP2 (Vps, amino acids 1-96) were expressed as N-terminal glutathione S-
transferase (GST) fusion proteins. These fusion proteins expressed in Escherichia coli 
Rosetta (DE3) pLysS (Novagene). The cells were grown at 37°C in LB medium with 
100g ml-1 ampicillin until the absorbance at 600nm reached 0.6–0.8. The cells were 
further grown for overnight after adding IPTG (0.5mM final concentration) at 16°C. 
We purified the proteins using glutathione-agarose chromatography. Cell pellets were 
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resuspended in 20ml PBS, pH 7.4, containing 0.2% (v/v) Triton X-100, with final 
concentrations of 1mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 2mM 
DTT. Cells were broken by sonication in an ice bath and centrifuged at 15,000rpm for 
30min at 4°C. The supernatant was mixed with 2ml glutathione-agarose beads in PBS 
and nutated in the cold room (4°C) for 2h. The proteins were then cleaved by 
thrombin in cleavage buffer (50mM TrisHCl, 150mM NaCl, pH 8.0) with 0.8g per 
100ml n-octyl-D-glucopyranoside (OG) for neuronal SNAREs, or cleaved by 
thrombin in cleavage buffer for soluble VAMP2. The full-length synaptotagmin 1 
(Syt1, amino acids 51-421) were expressed as C-terminal 6*Histidine-tag in an 
Escherichia coli BL21 Rosetta (DE3) pLysS (Novagen) and purified with the same 
protocol above by using Ni-NTA column. His6-tagged full-length Syt1 was eluted by 
elution buffer (25mM HEPEs, 400mM KCl, 500mM immidazole, 0.8% OG). After 
removing immidazole with PD10 desalting column (GE Healthcare), the eluted Syt1 
was kept in the cleavage buffer containing 0.8g per 100ml OG and 1mM EDTA. 
DNA sequences were confirmed by the Iowa State University DNA Sequencing 
Facility. Purified proteins were examined with 15% SDS-PAGE, and the purity was at 
least 85% for all proteins.  
 
5.5.2 Membrane reconstitution 
The lipid mixture of 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-snglycero- 3-
phosphoethanolamine (DOPE), phosphatidylinositol-4,5-bisphosphate (PIP2 from 
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porcine brain), cholesterol, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamin-N-
(biotinyl) (biotin-DPPE), 1,1‟-dioctadecyl-3,3,3‟,3‟-tetramethylindocarbocyanine 
perchlorate (DiI, Invitrogen) and 1,1‟-dioctadecyl-3,3,3‟,3‟-
tetramethylindodicarbocyanine perchlorate (DiD, Invitrogen) (All lipids except DiI 
and DiD were obtained from Avanti Polar Lipids) in chloroform was dried in a 
vacuum and was resuspended in a buffer (25mM HEPES/KOH, 100mM KCl, and pH 
7.4) to make the total lipid concentration around 10mM. For the bulk lipid mixing 
assays, the t-vesicles contained DiI, POPC, cholesterol and DOPS, in a molar ratio of 
1.5:63.5:20:15, while the v-vesicles contained DiD, POPC, and cholesterol, in the 
molar ratio of 1.5:78.5:20. PS on both vesicles was varied from 0% to 35%, in 
expense of POPC, and 2% PIP2 was added to t-vesicles by again replacing equal 
amount of POPC. In the single vesicle fusion assay, 0.1% Biotin-DPPE was added to 
the v-vesicles. Protein-free large unilamellar vesicles (~100nm in diameter) were 
prepared by extrusion through polycarbonate filters (Avanti Polar Lipids). 
To reconstitute the membrane proteins into liposomes, syntaxin 1A and 
SNAP-25, in a molar ratio of 1:1.5, were premixed, and the mixture was left at room 
temperature for 1 hour to form the complex before the reconstitution. VAMP2 and 
Syt1 were mixed at molar ratio of 1:1 containing 1mM EDTA. For membrane 
reconstitution, SNARE proteins were mixed with vesicles at the protein to lipid molar 
ratio of 1:200 with ~0.8g per 100ml OG in the buffer at 4°C for 15min. The mixture 
was diluted two times with dialysis buffer (25mM HEPES, 100mM KCl, and pH 8.0), 
and this diluted mixture was then dialyzed in 2L dialysis buffer at 4°C for overnight. 
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It is likely that Syt1 with EDTA and higher PH can reduce the aggregation of vesicle 
during dialysis. 
 
5.5.3 Lipid mixing FRET assays 
Reconstituted t-and v-vesicles were mixed at a ratio of 1:1. The final lipid 
concentration in the reaction is 0.05mM. The fluorescence intensity was monitored in 
two channels with the excitation wavelength of 530nm and emission wavelengths of 
570 and 670nm for DiI and DiD fluorescence dye pair, respectively. Fluorescence 
changes were recorded with the Varian Cary Eclipse model fluorescence 
spectrophotometer using a quartz cell of 100μL with a 2mm path length. All 
measurements were performed at 35°C. 
 
5.5.4 Single vesicle fusion FRET assay  
Details of the single vesicle fusion FRET assay have been described elsewhere 
(Yoon et al, 2006). A quartz slide was cleaned using the 5% Alconox solution 
followed by 1M potassium hydroxide, and then coated with 99:1 (mol/mol) 
mPEG:biotin-PEG (Laysan Bio). This PEG-treated quartz slide was placed as the 
bottom surface of a microfluidic chamber to be used as the imaging surface of our 
prism-type total internal reflection fluorescence (TIRF) microscopy (based on IX-71, 
Olympus). To monitor interactions between single v- and t-vesicles, the v-vesicles 
(30M [lipids]) were attached on this quartz imaging surface via neutravidin 
(Invitrogen) that acts as molecular glue between biotin-PEG and biotinylated lipids. 
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The t-vesicles (10M [lipids]) and the Ca2+ ion solution were mixed together just 
prior to the main reaction. This t-vesicles-Ca
2+
 mixture was introduced into the flow 
chamber for the fusion reaction, and the temperature was maintained at 37°C during 
the reaction for half an hour. 
In the docking number analysis, we used a computer algorithm that detects 
local Gaussian maxima in the TIRF images that were recorded by an electron-
multiplying charge-coupled device (iXon DU897E, Andor technology) to count the 
number of the single vesicle complexes in a given area (programs available at 
http://bio.physics.illinois.edu/). Our TIRF microscopy monitored the imaging area of 
4590m2 at a time, and we calculated the ratio of docked t-vesicles and total 
anchored v-vesicles as docking probability. Therefore, it could be directly compared 
for different molecular conditions. Using the same algorithm as used for the docking 
number analysis, each vesicle-vesicle docking event and the subsequent fusion 
process were individually identified. We quantified the FRET efficiency using the 
equation, IA/(ID+ IA) where ID and IA are the donor and acceptor fluorescence 
intensities respectively. Fusion percentage was calculated by the percentage of fusion 
events with FRET efficiency higher than 0.5.  
 
5.6 REFERENCE 
 
Bai J, Tucker WC, Chapman ER (2004) PIP2 increases the speed of response of 
synaptotagmin and steers its membrane-penetration activity toward the plasma 
membrane. Nat Struct Mol Biol 11(1): 36-44 
 
121 
 
 
Bhalla A, Chicka MC, Tucker WC, Chapman ER (2006) Ca(2+)-synaptotagmin 
directly regulates t-SNARE function during reconstituted membrane fusion. Nat 
Struct Mol Biol 13(4): 323-330 
 
Bowen ME, Weninger K, Ernst J, Chu S, Brunger AT (2005) Single-molecule studies 
of synaptotagmin and complexin binding to the SNARE complex. Biophys J 89(1): 
690-702 
 
Brunger AT (2005) Structure and function of SNARE and SNARE-interacting 
proteins. Q Rev Biophys 38(1): 1-47 
 
Chapman ER (2002) Synaptotagmin: a Ca(2+) sensor that triggers exocytosis? Nat 
Rev Mol Cell Biol 3(7): 498-508 
 
Chapman ER, Davis AF (1998) Direct interaction of a Ca2+-binding loop of 
synaptotagmin with lipid bilayers. J Biol Chem 273(22): 13995-14001 
 
Chen X, Tomchick DR, Kovrigin E, Arac D, Machius M, Sudhof TC, Rizo J (2002) 
Three-dimensional structure of the complexin/SNARE complex. Neuron 33(3): 397-
409 
 
Chernomordik LV, Kozlov MM (2003) Protein-lipid interplay in fusion and fission of 
biological membranes. Annu Rev Biochem 72: 175-207 
 
Chicka MC, Hui E, Liu H, Chapman ER (2008) Synaptotagmin arrests the SNARE 
complex before triggering fast, efficient membrane fusion in response to Ca2+. Nat 
Struct Mol Biol 15(8): 827-835 
 
Choi UB, Strop P, Vrljic M, Chu S, Brunger AT, Weninger KR (2010) Single-
molecule FRET-derived model of the synaptotagmin 1-SNARE fusion complex. Nat 
Struct Mol Biol 17(3): 318-324 
 
Cotman C, Blank ML, Moehl A, Snyder F (1969) Lipid composition of synaptic 
plasma membranes isolated from rat brain by zonal centrifugation. Biochemistry 8(11): 
4606-4612 
 
Dai H, Shen N, Arac D, Rizo J (2007) A quaternary SNARE-synaptotagmin-Ca2+-
phospholipid complex in neurotransmitter release. J Mol Biol 367(3): 848-863 
 
Davletov BA, Sudhof TC (1993) A single C2 domain from synaptotagmin I is 
sufficient for high affinity Ca2+/phospholipid binding. J Biol Chem 268(35): 26386-
26390 
 
122 
 
 
de Wit H, Walter AM, Milosevic I, Gulyas-Kovacs A, Riedel D, Sorensen JB, 
Verhage M (2009) Synaptotagmin-1 docks secretory vesicles to syntaxin-1/SNAP-25 
acceptor complexes. Cell 138(5): 935-946 
 
Fernandez-Chacon R, Konigstorfer A, Gerber SH, Garcia J, Matos MF, Stevens CF, 
Brose N, Rizo J, Rosenmund C, Sudhof TC (2001) Synaptotagmin I functions as a 
calcium regulator of release probability. Nature 410(6824): 41-49 
 
Fernandez I, Arac D, Ubach J, Gerber SH, Shin O, Gao Y, Anderson RG, Sudhof TC, 
Rizo J (2001) Three-dimensional structure of the synaptotagmin 1 C2B-domain: 
synaptotagmin 1 as a phospholipid binding machine. Neuron 32(6): 1057-1069 
 
Giraudo CG, Eng WS, Melia TJ, Rothman JE (2006) A clamping mechanism 
involved in SNARE-dependent exocytosis. Science 313(5787): 676-680 
 
Giraudo CG, Garcia-Diaz A, Eng WS, Chen Y, Hendrickson WA, Melia TJ, Rothman 
JE (2009) Alternative zippering as an on-off switch for SNARE-mediated fusion. 
Science 323(5913): 512-516 
 
Hauser H, Darke A, Phillips MC (1976) Ion-binding to phospholipids. Interaction of 
calcium with phosphatidylserine. Eur J Biochem 62(2): 335-344 
 
Heidelberger R, Heinemann C, Neher E, Matthews G (1994) Calcium dependence of 
the rate of exocytosis in a synaptic terminal. Nature 371(6497): 513-515 
 
Hui E, Gaffaney JD, Wang Z, Johnson CP, Evans CS, Chapman ER (2011) 
Mechanism and function of synaptotagmin-mediated membrane apposition. Nat 
Struct Mol Biol 18(7): 813-821 
 
Hui E, Johnson CP, Yao J, Dunning FM, Chapman ER (2009) Synaptotagmin-
mediated bending of the target membrane is a critical step in Ca(2+)-regulated fusion. 
Cell 138(4): 709-721 
 
Jahn R, Scheller RH (2006) SNAREs--engines for membrane fusion. Nat Rev Mol 
Cell Biol 7(9): 631-643 
 
Lee HK, Yang Y, Su Z, Hyeon C, Lee TS, Lee HW, Kweon DH, Shin YK, Yoon TY 
(2010) Dynamic Ca2+-dependent stimulation of vesicle fusion by membrane-
anchored synaptotagmin 1. Science 328(5979): 760-763 
 
Lu B, Song S, Shin YK (2009) Accessory alpha-helix of complexin I can displace 
VAMP2 locally in the complexin-SNARE quaternary complex. J Mol Biol 396(3): 
602-609 
 
123 
 
 
Martens S, Kozlov MM, McMahon HT (2007) How synaptotagmin promotes 
membrane fusion. Science 316(5828): 1205-1208 
 
Pabst S, Margittai M, Vainius D, Langen R, Jahn R, Fasshauer D (2002) Rapid and 
selective binding to the synaptic SNARE complex suggests a modulatory role of 
complexins in neuroexocytosis. J Biol Chem 277(10): 7838-7848 
 
Poirier MA, Xiao W, Macosko JC, Chan C, Shin YK, Bennett MK (1998) The 
synaptic SNARE complex is a parallel four-stranded helical bundle. Nat Struct Biol 
5(9): 765-769 
 
Rhee JS, Li LY, Shin OH, Rah JC, Rizo J, Sudhof TC, Rosenmund C (2005) 
Augmenting neurotransmitter release by enhancing the apparent Ca2+ affinity of 
synaptotagmin 1. Proc Natl Acad Sci U S A 102(51): 18664-18669 
 
Rickman C, Jimenez JL, Graham ME, Archer DA, Soloviev M, Burgoyne RD, 
Davletov B (2006) Conserved prefusion protein assembly in regulated exocytosis. 
Mol Biol Cell 17(1): 283-294 
 
Rizo J, Rosenmund C (2008) Synaptic vesicle fusion. Nat Struct Mol Biol 15(7): 665-
674 
 
Schaub JR, Lu X, Doneske B, Shin YK, McNew JA (2006) Hemifusion arrest by 
complexin is relieved by Ca2+-synaptotagmin I. Nat Struct Mol Biol 13(8): 748-750 
 
Stein A, Radhakrishnan A, Riedel D, Fasshauer D, Jahn R (2007) Synaptotagmin 
activates membrane fusion through a Ca2+-dependent trans interaction with 
phospholipids. Nat Struct Mol Biol 14(10): 904-911 
 
Sudhof TC (2004) The synaptic vesicle cycle. Annu Rev Neurosci 27: 509-547 
 
Sutton RB, Fasshauer D, Jahn R, Brunger AT (1998) Crystal structure of a SNARE 
complex involved in synaptic exocytosis at 2.4 A resolution. Nature 395(6700): 347-
353 
 
Takamori S, Holt M, Stenius K, Lemke EA, Gronborg M, Riedel D, Urlaub H, 
Schenck S, Brugger B, Ringler P, Muller SA, Rammner B, Grater F, Hub JS, De 
Groot BL, Mieskes G, Moriyama Y, Klingauf J, Grubmuller H, Heuser J, Wieland F, 
Jahn R (2006) Molecular anatomy of a trafficking organelle. Cell 127(4): 831-846 
 
Tang J, Maximov A, Shin OH, Dai H, Rizo J, Sudhof TC (2006) A 
complexin/synaptotagmin 1 switch controls fast synaptic vesicle exocytosis. Cell 
126(6): 1175-1187 
 
124 
 
 
Tucker WC, Edwardson JM, Bai J, Kim HJ, Martin TF, Chapman ER (2003) 
Identification of synaptotagmin effectors via acute inhibition of secretion from 
cracked PC12 cells. J Cell Biol 162(2): 199-209 
 
Tucker WC, Weber T, Chapman ER (2004) Reconstitution of Ca2+-regulated 
membrane fusion by synaptotagmin and SNAREs. Science 304(5669): 435-438 
 
van den Bogaart G, Meyenberg K, Risselada HJ, Amin H, Willig KI, Hubrich BE, 
Dier M, Hell SW, Grubmuller H, Diederichsen U, Jahn R (2011) Membrane protein 
sequestering by ionic protein-lipid interactions. Nature 
 
Vrljic M, Strop P, Ernst JA, Sutton RB, Chu S, Brunger AT (2010) Molecular 
mechanism of the synaptotagmin-SNARE interaction in Ca2+-triggered vesicle fusion. 
Nat Struct Mol Biol 17(3): 325-331 
 
Weber T, Zemelman BV, McNew JA, Westermann B, Gmachl M, Parlati F, Sollner 
TH, Rothman JE (1998) SNAREpins: minimal machinery for membrane fusion. Cell 
92(6): 759-772 
 
Yoon TY, Okumus B, Zhang F, Shin YK, Ha T (2006) Multiple intermediates in 
SNARE-induced membrane fusion. Proc Natl Acad Sci U S A 103(52): 19731-19736 
 
Yoshihara M, Littleton JT (2002) Synaptotagmin I functions as a calcium sensor to 
synchronize neurotransmitter release. Neuron 36(5): 897-908 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
125 
 
 
5.7 FIGURES AND LEGENDS 
 
Figure 1. Syt1 facilitates lipid mixing via both Ca
2+
-dependent and -independent 
mechanisms. (A), the schematic diagram for the lipid mixing assay. Syntaxin 1A (red) 
and SNAP-25 (green) are reconstituted into t-vesicles containing DiI (pink), while 
VAMP2 (blue) and Syt1 (dark green) are reconstituted into v-vesicles containing DiD 
(light blue). (B), Changes of the FRET efficiency (∆E) in time after mixing t- and v-
vesicles are shown. The black line is the control with SNAREs only without Syt1. The 
green line represents lipid mixing with Syt1 and 1mM EDTA, while the red line 
represents the reaction with Syt1 and 50M Ca2+. The dotted lines in grey and dark 
green are the negative controls without SNAP-25 (SNP) and with 10M soluble 
VAMP2 (Vps), respectively. (C), Relative initial rates of lipid mixing. Error bars, 
which represent standard deviation, were obtained from 3 independent measurements 
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with 3 different preparations. The initial rate was measured from the slope at time 
near 0. 
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Figure 2. A few ten M Ca2+ is sufficient to trigger Ca2+-dependent enhancement 
of lipid mixing for Syt1. (A), Relative initial rates of lipid mixing at different Ca
2+
 
concentrations with various molar ratios of DOPS on the v-vesicles. The closed 
circles represent the initial rates of lipid mixing with 15mol%PS on t-vesicles and 
0mol%PS on v-vesicles. The open triangles and closed squares represent the initial 
rates with 5mol% and 10mol%PS on vesicles, respectively. Error bars, which 
represent standard deviation, were obtained from 3 independent measurements with 3 
different preparations. (B), the same initial rate analysis of lipid mixing as that in (A) 
but with 2mol% PIP2 on t-vesicles. 
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Figure 3. Vectorial asymmetric distribution of PS is important for Ca
2+
-
dependent enhancement by Syt1. (A), Relative initial rates of lipid mixing at 
different Ca
2+
 concentrations with different molar ratio of DOPS on t- and v-vesicles. 
In the left panel, the close and open circles represent lipid mixing with 0mol% and 
15mol% PS on both t- and v-vesicles, respectively. In the right panel, the closed 
circles represent lipid mixing with 0mol% PS on t-vesicles and 15mol% PS on v-
vesicles. Error bars, which represent standard deviation, were obtained from 3 
independent measurements with 3 different preparations. (B), the same initial rate 
analysis of lipid mixing as (A) with 2mol% PIP2 on t-vesicles. The closed circles 
represent the initial rate of lipid mixing with 2mol%PIP2 on t-vesicles and 0mol%PS 
on both t- and v-vesicles. The open triangles and closed squares represent that with 
15mol% and 35mol%PS on both t- and v-vesicles, respectively. In the right panel, the 
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closed circles represent the lipid mixing assay with 0mol% PS on t-vesicles and 
15mol% PS on the v-vesicles, while the open circles represent the lipid mixing assay 
with 15mol% PS on t-vesicles and 35mol% PS on v-vesicles.  
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Figure 4. Ca
2+
-dependent stimulation by Syt1 is shown in both vesicle docking 
and fusion. (A), the schematic diagram of the single vesicle fusion assay. The v-
vesicles were immobilized on the imaging surface while t-vesicles can be docked on 
v-vesicles. (B), the docking probability at different Ca
2+
 concentrations and different 
molar ratios of DOPS on v-vesicles. The black bars are the data with 0mol% PS on v-
vesicles while the white bars are for v-vesicles with 15mol% DOPS. Error bars, which 
represent standard deviation, were obtained from 4 independent measurements with 4 
different preparations. (C), the fusion percentage among docked vesicle pairs at 
different Ca
2+
 concentration. The black and white bars represent the fusion groups 
with 0mol% and 15mol% PS on v-vesicles, respectively. Error bars, which represent 
standard deviation, were obtained from 4 independent measurements with 4 different 
preparations. 
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CHAPTER 6  
FUSION PORE FORMATION AND EXPANSION 
INDUCED BY CA
2+
 AND SYNAPTOTAGMIN 1 
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6.1 ABSTRACT 
Fusion pore formation and expansion, crucial steps for neurotransmitter 
release and vesicle recycling in SNARE-dependent vesicle fusion, have not been well 
studied in vitro due to the lack of a reliable content mixing fusion assay. Using 
methods detecting the inter-vesicular mixing of small and large cargoes at a single 
vesicle level, we found that the neuronal SNARE complexes have the capacity to 
drive membrane hemifusion. However, efficient fusion pore formation and expansion 
require synaptotagmin 1 and Ca
2+
. Real-time measurements show that pore expansion 
detected by content mixing of large DNA cargoes occurs much slower than initial 
pore formation that transmits small cargoes. Slow pore expansion perhaps provides a 
time window for vesicles to escape the full collapse fusion pathway via kiss-and-run. 
The results also show that complexin 1 stimulates pore expansion significantly, which 
could put bias between two pathways of vesicle recycling. 
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6.2 INTRODUCTION 
Soluble N-ethylmaleimide-sensitive factor attachment protein receptors 
(SNAREs) mediate intracellular vesicle fusion in a wide variety of cellular activities 
such as neurotransmitter release. The fast synaptic vesicle fusion for neurotransmitter 
release is regulated with precision by various proteins including synaptotagmins, 
complexins, and SM proteins (Jahn et al, 2003; Rizo & Rosenmund, 2008). During 
this process, an initial fusion pore between two membranes can either close back or 
expand to a larger pore. Fusion pore expansion to the point where the vesicle 
membrane flattens on the plasma membrane surface, leading to the complete luminal 
contents release, is thought to be the final step in the fusion process (Chernomordik & 
Kozlov, 2003; Jackson & Chapman, 2008). SNAREs and accessary proteins may then 
be recycled to make fresh vesicles through endocytosis. Without pore expansion, 
however, the vesicles may be used again through the mechanism known as „kiss-and-
run‟ (Zhang et al, 2009). Therefore, pore expansion is an important event that 
determines how synaptic vesicles are regenerated. 
In order to dissect the SNARE-mediated membrane fusion process, we and 
others developed in vitro single-vesicle assays based on lipid mixing of 
proteoliposomes reconstituted with SNARE proteins and content mixing of small 
cargoes (Diao et al, 2010c; Kyoung et al, 2011; Yoon et al, 2008b; Yoon et al, 2006a). 
However, these assays are blind to the expansion of the fusion pore and therefore 
unable to tell how the regulatory proteins are involved in this final step of the full-
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collapse fusion pathway, in which the small opening of the pore continues to expand 
to a large pore.  
To monitor fusion pore expansion, we developed a single-molecule/vesicle 
content mixing assay based on vesicle-encapsulated DNA molecules (Diao et al, 
2012b; Diao et al, 2010b). This assay can detect expansion of the fusion pore that is 
large enough to pass ~11 kD DNA probes between two apposed proteoliposomes. 
With this method we showed that yeast SNAREs alone can efficiently drive 
expansion of the fusion pore (Diao et al, 2010b). In this work, we systematically 
dissect lipid mixing, fusion pore opening, and fusion pore expansion steps in neuronal 
SNARE-dependent membrane fusion. To this end, we use the combined methods of 
single vesicle lipid mixing, content mixing of small cargoes, and content mixing of 
large DNAs and examine the requirements of regulatory factors including a major 
Ca
2+
-sensor synaptotagmin 1 (Syt1), a soluble presynaptic protein complexin 1, and 
Ca
2+
. 
 
6.3 RESULTS 
6.3.1 SNARE-dependent lipid mixing and content mixing of small cargos 
First, we revisited lipid mixing based on lipophilic probes (Yoon et al, 2006b) 
and content mixing based on small sulforhodamine B (Kyoung et al, 2011) in the 
single vesicle fusion assay. For lipid mixing we prepared a population of vesicles with 
v-SNARE VAMP2 (lipid-to-protein ratio L/P of 200) doped with a fluorescence 
acceptor DiD (1 mole%) (v-vesicles) and a separate population of vesicles with t-
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SNARE (a 1:1 precomplex of syntaxin 1A and SNAP-25, L/P=200) doped with a 1 
mole % fluorescence donor DiI (t-vesicles). In a flow cell, v-vesicles were tethered to 
the PEG-coated imaging surface using the biotin-neutravidin conjugation and t-
vesicles were then flown in to dock and fuse with surface-bound v-vesicles.  
One minute after the reaction was started at room temperature we observed 
lipid mixing for 31% of docked vesicle pairs (Figure. 1A). When Syt1 was 
incorporated in the v-vesicles (L/P=200) we observed lipid mixing for as much as 50% 
of docked vesicle pairs, indicative of some stimulation of lipid mixing by Syt1. We 
however observed a factor of 3.1 increase of the docking number when Syt1 was 
present in the v-vesicles (Table S1), most likely due to the t-SNARE-Syt1 interaction 
that is thought to assist vesicle docking (Kim et al, 2012; Lee et al, 2010a). 
Next, we prepared v-vesicles encapsulating sulforhodamine B in a high 
enough concentration (50 mM) to have fluorescence self-quenching and empty t-
vesicles separately. We used the same experimental strategies that Brunger and 
coworkers implemented in their study (Kyoung et al, 2011). We expected to observe a 
sudden increase of the sulforhodamine B fluorescence signal due to dilution-induced 
fluorescence dequenching when content mixing happened (Figure. 1B).  
Content mixing happened for only less than 1% of the docked vesicle pairs (8 
out of 818, see Table S2) in the first 60 seconds when L/P=200, which is far less than 
the 31% yield in lipid mixing. Increasing the SNARE density in the vesicles promoted 
content mixing but only mildly (Figure. 1C). At L/P=50 the yield was still less than 6% 
(Figure. 1C), indicating that SNAREs alone are ineffective in opening the fusion pore 
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that is big enough for a small probe such as sulforhodamine B. Furthermore, 
incorporation of Syt1 in the v-vesicles virtually had no effect on content mixing of 
sulforhodamine B (Figure.1D). Therefore, the results show that SNAREs alone can 
promote lipid mixing fairly well but are not effective in driving opening of small 
fusion pore. The hemifusion state is considered a bona fide fusion intermediate (Xu et 
al, 2005) and it is operationally defined as a state that allows lipid mixing but no 
content mixing (Kemble et al, 1994). Thus, the results suggest that SNAREs are 
capable of bringing about membrane hemifusion but hardly effective in driving fusion 
pore opening.   
Next, we explored if Ca
2+
 is necessary for fusion pore opening. When 500 µM 
Ca
2+
 was added to the fusion reaction between SNARE-reconstituted vesicles without 
Syt1 there was no change in the fusion kinetics as shown in a cumulative plot (Figure. 
1D). However, when Syt1 was present in the v-vesicles there was a significant 
increase in the fusion rate. The half-time of the fusion reaction was about 12 sec, 
which is more than 10 times faster than that in the absence of Syt1. The fusion 
efficiency at t=60 reaches as much as 15%, an order of magnitude more than that with 
SNAREs only (Figure.1D). With varying Ca
2+
 we observe a monotonic increase of 
fusion efficiency for content mixing of sulforhodamine B (Figure.S1), which is 
somewhat different from the Ca
2+
-dependent lipid mixing that tails off at higher Ca
2+
 
concentration (Kim et al, 2012; Lee et al, 2010a). Thus, the results show that Syt1 and 
Ca
2+
 are required for efficient fusion pore formation. Furthermore, through labeled 
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SNAREs, we verified that the Ca
2+
/Syt1-induced content mixing was accompanied by 
enhanced full SNARE assembly (Figure. S2). 
 
6.3.2 Fusion pore expansion examined by content mixing of large DNA probes 
Figure. 2A shows the large-probe content mixing assay. A DNA hairpin 
composed of 6 base pair stem and poly-thymidine loop, labeled with a donor (Cy3) 
and an acceptor (Cy5) at the ends of the stem (Figure S3) was encapsulated in the v-
SNARE vesicle. We separately encapsulated multiple copies of unlabeled poly-
adenosine target DNA strands in the t-SNARE vesicle. If the two vesicles form a 
sufficiently large fusion pore between them to pass DNA molecules, the two DNA 
molecules would hybridize, opening up the stem region of the hairpin and switching 
the Förster resonance energy transfer (FRET) efficiency (E) between Cy3 and Cy5 
from a high to a low value. DNase treatment to the outside showed FRET signals are 
from DNA probes encapsulated in the vesicles (Figure S5).  
In order to estimate the minimally required fusion pore size that allows the 
passage of our DNA probes, we performed a molecular dynamics simulation. The 
average radius of gyration (Rg) over the last 25 ns of simulation is 1.91 ± 0.53 nm for 
the DNA hairpin and is 1.80 ± 0.28 nm for the target DNA (Figure 2B). The 
snapshots of resulting equilibrated systems are shown in Figure 2C. From this 
simulation we conclude that the radius of the pore must be at least ~2 nm for either 
DNA molecule to pass through.  
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6.3.3 Fusion pore expansion induced by Syt1 and Ca
2+
 
We now investigate expansion of fusion pore with content mixing of DNA 
probes. We monitored the real-time dynamics of fusion pore expansion. If fusion pore 
expansion happens we would then observe a sudden increase of the donor 
fluorescence signal and a corresponding decrease of the acceptor fluorescence signal 
due to the hybridization of DNA pairs accompanying content mixing (Figure 3A). 
Such anti-correlated changes of fluorescence signals could also happen when the 
acceptor was photo-bleached, which could be easily discerned by the fluorescence 
signal in response to the red laser illumination near the end of the experimental runs 
(Figure S7).  
For SNARE-reconstituted vesicles, regardless of the presence or absence of 
Syt1, we observed very few pore expansion events (1-3 out of 1,000 docked vesicle 
pairs at t=60s, see Table S3). However, when we added 500 M Ca2+ to the pre-
assembled t-vesicle/v-vesicle complex in the presence of Syt1, we observed 
appreciable content mixing events. In the cumulative plot the reaction occurred with a 
slow start (Figure 3B, magenta curve) which was reproducible over multiple 
experiments (n = 6). This slow start is not due to the time it takes to open the hairpin 
upon hybridization to the poly-adenosine strand, which is at most 1 s (Diao et al, 
2010a). At 1 minute we observed 195 content mixing events among 5054 docked 
vesicle pairs (~4.0%), at least 13 times more than those without Ca
2+
, where we 
observed only 1-3 content mixing events out of 1,000 docked vesicle pairs. 
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When compared with small pore opening detected by sulforhodamine B pore 
expansion probed by content mixing of DNAs was much slower. We estimate that 
tens of small pore formation events are needed before allowing one pore expansion 
event (see Figure 3B). The results suggests that the fusion pore opens but stays small 
or narrow for a prolonged period of time before expanding to a larger pore. It is also 
possible that the small pore opens and closes repetitively before finally expanding to a 
larger pore. Presuming that the small pore is an obligatory step towards the large 
expanded pore and all small pores advance to the large pore eventually, the half-time 
for the creation of small pore is about 13 times faster than that for pore expansion, 
which translates into the activation energy of ∼1.5 kcal/mole for pore expansion over 
small pore (Figure 3C). Control experiments showed that the presence of DNA probes 
does not interfere with the kinetics of sulforhodamine B content mixing or the 
docking number (Figure S8 and S9). With both probes we found that the probability 
of pore opening and expansion is very low without Syt1 or Ca
2+
 in the early time 
(Figure 3), strongly supporting that Syt1/ Ca
2+
 is necessary for both opening and 
expansion of the fusion pore. 
 
6.3.4 Complexin 1 promotes Ca
2+
-triggered fusion pore expansion 
Complexin 1 is a soluble presynaptic protein known to bind the SNARE 
complex. It is known to play activating and inhibiting roles for fast synchronous and 
spontaneous neurotransmitter release, respectively (Maximov et al, 2009; Xue et al, 
2007; Yoon et al, 2008a). To find the influence of complexin 1 on Ca
2+
-triggered pore 
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opening and expansion, we included 5 μM complexin 1 in the content mixing assays. 
Complexin 1 caused a 21 % increase in the reaction rate of the content mixing of 
sulforhodamine B (Figure 4A and 4C). With DNA probes there is overall about a 
factor of 2 increase of content mixing with complexin 1 (Figure 4B and 4C). Most 
interestingly, however, the slow phase at the early time (t<5 sec) was replaced with 
the fast rise of the content mixing events. At t=5 sec we observed about 5 times more 
DNA content mixing events in the presence of complexin 1. Thus, the results show 
that complexin 1 is actively involved in pore formation but more extensively at the 
early phase of pore expansion. We note that the complexin 1 effect on membrane 
fusion is specific to neuronal SNAREs as it shows no change on the kinetics of yeast 
SNARE-dependent liposome fusion (Figure S10). Thus, we rule out the possibility of 
artifacts stemming from non-specific interaction of complexin 1 with phospholipids.  
 
6.4 DISCUSSION 
Although lipid mixing reaches 30-50% at t=60 sec even without Ca
2+
 content 
mixing of both small sulforhodamine B and large DNAs happens for only less than a 
few percent of total vesicle pair population. The results suggest that the SNARE 
complex is a kind of incomplete or self-clamping fusogen that has the capacity to 
carry the fusion up to the hemifusion state or a hemifusion diaphragm (Hernandez et 
al, 2012), in line with the recent finding by Brunger and coworkers (Diao et al, 2012a). 
These results for neuronal SNAREs are in sharp contrast with those for yeast 
SNAREs Sso1p, Sec9, and Snc2p, constitutively active for trafficking from golgi to 
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plasma membrane, which are capable of carrying out pore formation and expansion 
highly efficiently even in the absence of other factors (Diao et al, 2010a). Thus, it 
appears that neuronal SNAREs have evolved in such a way that other regulators 
including Syt1, Ca
2+
, and complexin 1 can control pore opening and expansion. A few 
in vivo and in vitro studies have suggested that the vesicles are trapped at the 
hemifusion state before the Ca
2+
 trigger (Chicka et al, 2008; Walter et al, 2011; Zhang 
et al, 2002), consistent with our results. Meanwhile, we cannot rule out the possibility 
that hemifusion is an off-pathway product for fast fusion as shown in a recent study 
involving both lipid and content indicators (Diao et al, 2012a). 
Our results from single vesicle content mixing assays show that cooperative 
action of Syt1 and Ca
2+
 are the main thrust for the pore opening and expansion. 
However, pore expansion is as much as 13 times slower than small pore opening, 
indicating that pore expansion is the rate-limiting step for full-collapse SNARE-
dependent membrane fusion. Neurotransmitters are small molecules, even smaller 
than sulforhodamine B. Thus, their release would occur immediately upon small pore 
formation. Our results suggest that the pore size remains small for a prolonged period 
of time. We speculate that the fate of the vesicle, whether it collapses completely or 
return back to a free spent vesicles (kiss-and–run) to be refreshed for the next round, 
is determined in this period. And such a time lapse between pore opening and 
expansion is necessary for the coexistence of two recycling pathways during this time. 
Under current experimental conditions the yield of the DNA content-mixing 
reaction is as low as 4% of docked vesicles at room temperature even when activated 
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with Ca
2+
 in presence of Syt1. However, these are not the consequence of random 
fusion events or some experimental artifacts because without Ca
2+
 we observe only 1-
3 fusion events out of 1,000 vesicle pairs. Furthermore, when the flow cell harboring 
docked vesicle pairs was incubated at 37ºC for 30 min in the presence of Ca
2+
 the 
yield was improved to as much as 50%, indicating that more than 50% vesicle pairs 
are fusion-competent (Figure S11). We were under experimental conditions in which 
fusion pore opening and expansion activities are somewhat suppressed but sensitive to 
the changes while the lipid mixing activity is efficient. 
Complexin 1 is known to function in the early steps of SNARE-dependent 
membrane fusion. Complexin 1 can clamp the fusion at the hemifusion state (Schaub 
et al, 2006) or a step prior to lipid mixing by interfering with SNARE complex 
formation (Giraudo et al, 2006), which might be de-clamped by Syt1 and Ca
2+ 
(Tang 
et al, 2006; Xue et al, 2007). We found that complexin 1 might have an additional 
function to modulate pore expansion. Our results show that complexin 1 has the 
capacity to accelerate fusion pore expansion, perhaps to favor the complete collapse 
fusion pathway. Understanding the detailed mechanism, in a molecular level, however, 
requires further investigation. 
In summary, results from single vesicle fusion assays employing lipophilic 
probes, small cargo, and large cargoes paints unprecedentedly detailed picture of the 
regulation of individual fusion steps including hemifusion, fusion pore formation, and 
pore expansion by Syt1, Ca
2+
, and complexin 1. It appears that SNAREs alone are 
sufficient in promoting membrane hemifusion, although Syt1 and Ca
2+
 are required to 
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carry over towards pore formation and expansion. Pore expansion is the late-
determining step for entire membrane fusion process, which might play an important 
role in allowing the kiss-and-run mechanism for synaptic recycling. 
 
6.5 METHODS 
6.5.1 Plasmid Constructs and Site-Directed Mutagenesis. DNA sequences 
encoding syntaxin 1A (Syn1A, amino acids 1-288 with three cysteines replaced by 
alanines), VAMP2 (amino acids 1–116 with C103 replaced by alanines), SNAP-25 
(amino acids 1-206 with four native cysteines replaced by alanines), complexin 1 
( amino acids 1-134), Sso1p (amino acids 185-290), Sec9 (amino acids 401-651), 
Snc2p (amino acids 1-115) and soluble VAMP2 (amino acids 1-96) were inserted into 
the pGEX-KG vector as N-terminal glutathione S-transferase (GST) fusion proteins. 
We used the Quick Change site-directed mutagenesis kit (Stratagene) to generate all 
cysteine mutants, including Syn1A I187C, Syn1A G288C, VAMP2 G18C, and 
VAMP2 T116C; DNA sequences were confirmed by the Iowa State University DNA 
Sequencing Facility. 
 
6.5.2 Protein expression, purification, and labeling. Recombinant neuronal SNARE 
proteins from rat: Syn1A (amino acids 1-288), SNAP-25 (amino acids 1-206), 
VAMP2 (amino acids 1-116), Syn1A I187C, Syn1A G288C, VAMP2 G18C, VAMP2 
T116C, complexin 1 ( amino acid 1-134), Sso1p (amino acids 185-290), Sec9 (amino 
acids 401-651), Snc2p (amino acids 1-115)  and soluble VAMP2 (amino acids 1-96) 
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were expressed as N-terminal glutathione S-transferase (GST) fusion proteins. These 
fusion proteins expressed in Escherichia coli Rosetta (DE3) pLysS (Novagene). The 
cells were grown at 37°C in LB medium with 100 g/ml ampicillin until the 
absorbance at 600 nm reached 0.6-0.8. The cells were further grown for overnight 
after adding IPTG (0.5 mM final concentration) at 16 °C. We purified the proteins 
using glutathione-agarose chromatography. Cell pellets were resuspended in 20 ml 
PBS, PH 7.4, containing 0.2 v% Triton X-100, with final concentrations of 1 mM 4-
(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 2 mM DTT. Cells were broken by 
sonication in an ice bath and centrifuged at 27,000g for 30 min at 4 °C. The 
supernatant was mixed with 2ml glutathione-agarose beads in PBS and nutated in the 
cold room (4 °C) for 2 h. The proteins were then cleaved by thrombin in cleavage 
buffer (50 mM TrisHCl, 150 mM NaCl, PH 8.0) with 0.8 g per 100 ml n-octyl-D-
glucopyranoside (OG) for neuronal SNAREs, or cleaved by thrombin in cleavage 
buffer for complexin 1, Munc18 and soluble VAMP2. The full-length Syt1 (amino 
acids 51-421) were expressed as C-terminal 6*Histidine-tag in an Escherichia coli 
BL21 Rosetta (DE3) pLysS (Novagen) and purified with the same protocol above by 
using Ni-NTA column. His6-tagged full-length Syt1 was eluted by elution buffer (25 
mM HEPEs, 400 mM KCl, 500 mM immidazole, 0.8% OG). After removing 
immidazole with PD10 desalting column (GE Healthcare), the eluted Syt1 was kept in 
the cleavage buffer containing 0.8 g per 100 ml OG and 1 mM EDTA. DNA 
sequences were confirmed by the Iowa State University DNA Sequencing Facility. 
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Purified proteins were examined with 15 % SDS-PAGE, and the purity was at least 
85 % for all proteins.  
Cysteine mutants Syn1A I187C, Syn1A G288C, VAMP2 G18C, and VAMP2 
T116C, were labeled with the fluorescence labels Cy3 and Cy5 maleimide 
(Amersham). The reaction mixture, with the dye to protein ratio of more than 5:1, was 
left overnight at 4 °C. The free dye was removed using the PD-10 desalting column 
(Amersham). All labeled proteins were analyzed by the SDS-polyacryamide gel and 
the labeling efficiency were over 80 % for all proteins.  
 
6.5.3 Membrane reconstitution. The lipid molecules used in this study are 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1-palmitoyl-2-oleoyl-snglycero-3-
phosphocholine (POPC), phosphatidylinositol-4,5-bisphosphate (PIP2, from porcine 
brain), cholesterol, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamin-N-(biotinyl) 
(biotin-DPPE). All lipids were obtained from Avanti Polar Lipids.  
For the NN/CC FRET assay, the molar ratios of lipid species were 15:63:20:2 
(DOPS:POPC:cholesterol:PIP2) for the t-vesicles, and 5:75:20 
(DOPS:POPC:cholesterol) for the v-vesicles, respectively. The lipid mixture was first 
completely dried and then hydrated by fusion buffer (25 mM HEPES, 100 mM KCl, 
PH 7.4), Protein-free large unilamellar vesicles (~100 nm in diameter) were prepared 
by extrusion through polycarbonate filters (Avanti Polar Lipids). 
To reconstitute labeled SNARE proteins into liposomes, Syn1A I187C-Cy3 or 
Syn1A G288C-Cy3 and SNAP-25, in a molar ratio of 1:1.5, were premixed, and the 
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mixture was left at room temperature for 1 hour to form the complex before the 
reconstitution. VAMP2 G18C-Cy5, or VAMP2 T116C-Cy5 and Syt1 were mixed at 
molar ratio of 1:1 containing 1 mM EDTA. For membrane reconstitution, SNARE 
proteins were mixed with vesicles at the protein to lipid molar ratio of 1:200 with ~0.8% 
OG in the buffer at 4°C for 15min. The mixture was diluted two times with dialysis 
buffer (25 mM HEPES, 100 mM KCl, and PH 8.0), and this diluted mixture was then 
dialyzed in 2L dialysis buffer at 4 °C for overnight.  
For the lipid mixing assay, the molar ratios of lipid species were 15:61:20:2:2 
(DOPS:POPC:cholesterol:PIP2:DiI) for the t-vesicles, and 5:73:20:2 
(DOPS:POPC:cholesterol:DiD) for the v-vesicles, respectively. The above protein 
reconstitution process was used for unlabeled SNARE proteins. 
For the large DNA content mixing assay, the molar ratios of lipid species were 
15:63:20:2 (DOPS:POPC:cholesterol:PIP2) for the t-vesicles, and 5:74.9:20:0.1 
(DOPS:POPC:cholesterol: biotin-DPPE) for the v-vesicles, respectively. The dried 
lipid film was resuspended with T50 buffer (10 mM Tris–HCl, 50 mM NaCl, PH 8.0) 
containing 5 μM target DNAs or 2 μM Cy3/Cy5 dual-labeled DNA probes (Integrated 
DNA Technologies), separately. After five freeze–thaw cycles, unilamellar vesicles 
were extruded through polycarbonate filters (100 nm pore size, Avanti Polar Lipids) 
at least 30 times. To reconstituted content mixing vesicles, the membrane proteins and 
vesicles were mixed together with the desired lipid to protein ratio of 200:1. Then the 
mixture containing ~0.8% OG in the buffer was kept at 4 °C for 20 min. The mixture 
was diluted two times with PH 7.4 dialysis buffer (25 mM HEPES, 100 mM KCl, and 
146 
 
 
PH 7.4) for t-vesicles, and then the diluted t-vesicles mixture was dialyzed in 2 L PH 
7.4 dialysis buffer at 4°C for overnight, but for v-vesicles, the mixture was diluted 
twice with PH4.5 dialysis buffer and firstly dialyzed in 2 L PH 4.5 dialysis buffer at 4 
°C for 4 hours, then changed to PH 7.4 dialysis buffer for overnight.  
For small sulforhodamine B content indicators, the lipid composition is the 
same as that used for the content mixing assay for DNA probes. The lipid mixture was 
first completely dried and then hydrated by dialysis buffer, but the v-vesicles were in 
the presence of 50 mM sulforhodamine B (Invitrogen). After five freeze–thaw cycles, 
protein-free large unilamellar vesicles (~100 nm in diameter) were prepared by 
extrusion through polycarbonate filters (Avanti Polar Lipids). Free sulforhdamine B 
was removed using the PD-10 desalting column (Amersham) after dialysis. 
 
6.5.4 Ensemble N-terminal end-to-N-terminal end (NN)-FRET and C-terminal 
end-to-C-terminal end (CC)-FRET. Reconstituted t-and v-vesicles were mixed at a 
ratio of 1:1. The fluorescence intensity was monitored in two channels with the 
excitation wavelength of 545 nm and emission wavelengths of 570 and 668 nm, 
respectively. Fluorescence changes were recorded with the Varian Cary Eclipse 
model fluorescence spectrophotometer using a quartz cell of 100 μl with a 2 mm path 
length. All measurements were performed at 35 °C.  
 
6.5.5 Lipid mixing FRET assays. Reconstituted t-and v-vesicles were mixed at a 
ratio of 1:1. The final lipid concentration in the reaction is 0.05 mM. The fluorescence 
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intensity was monitored in two channels with the excitation wavelength of 530 nm 
and emission wavelengths of 570 and 670 nm for DiI and DiD fluorescence dye pair, 
respectively. Fluorescence changes were recorded with the Varian Cary Eclipse 
model fluorescence spectrophotometer using a quartz cell of 100 μL with a 2 mm path 
length. All measurements were performed at 35°C. 
 
6.5.6 Single vesicle lipid and content mixing assay. After surface coating of 
polyethylene glycol (PEG) molecules to eliminate non-specific binding of vesicles 
and DNA molecules, the quartz slide was assembled into a flow chamber and coated 
with neutravidin (0.2 mg/ml). Following a 30 minute incubation at room temperature, 
the v-SNARE vesicles were immobilized on the PEG-coated surface. After two 
rounds of 200 l buffer washing, the t-SNARE vesicles (100 ~ 200 nM) were injected 
into the flow chamber for the 30 min pre-docking at room temperature (~25C), with 
or without accessory proteins. After washing out the free t-SNARE vesicle, the 
reaction was conducted at 372C in the buffer (25 mM HEPES, 100 mM KCl, PH 
7.4) for 30 minutes with or without 500 M Ca2+. The detail of the single vesicle lipid 
mixing assay was reported in our previous work (Diao et al, 2012b; Lee et al, 2010b).  
For content mixing assay, the FRET measurements by a total internal 
reflection (TIR) fluorescence microscope were performed with an oxygen scavenger 
system. The details of TIR fluorescence microscope imaging and single molecule data 
analysis have been reported in our previous yeast content mixing paper (Diao et al, 
2012b). In real-time imaging of large DNA probes, t-SNARE vesicles were injected 
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into the channel immobilized by v-SNARE vesicles containing DNA probe. After 30 
minutes incubation in room temperature (~25C), 500 M Ca2+ was injected at a 
speed of 33 µl/sec by a motorized syringe pump. To exclude the possibility of 
photobleaching, acceptor Cy5 was excited by red laser both before Ca
2+ 
injection and 
in the end of the detection. An oxygen scavenger system (0.1 mg/ml glucose oxidase, 
0.02 mg/ml catalase, and 0.4 wt% -D-glucose and Trolox) was used for eliminating 
single-molecule blinking events and reducing the likelihood of photobleaching. For 
the real-time imaging of small sulforhodamine B content release, the same PEG 
surface was used as above. After the surface was coated with neutravidin, the 
sulforhodamine B containing v-SNARE vesicles were immobilized on the PEG-
coated surface.After two rounds of 1 ml buffer wash, empty t-SNARE vesicles were 
injected into the channel incubating with v-SNARE vesicles. After 30 minutes 
incubation at room temperature (~25C), Ca2+ was injected to trigger fusion with the 
same injection speed used for large DNA content mixing. 
 
6.5.7 Molecular dynamics (MD) simulations. Two independent MD simulations 
were performed on single strand DNA with different sequences corresponding to 
Cy3/Cy5 dual-labeled DNA hairpin and unlabeled target DNA to probe their radius of 
gyration in equilibrium. Both starting structures were generated using 3D-DART (van 
Dijk & Bonvin, 2009) and VMD (Humphrey et al, 1996) with CHARMM27 topology 
(Mackerell et al, 2004). The DNA hairpin was solvated using 22043 TIP3P water 
molecules and neutralized with 100 mM KCl in a water box of 89Å x 89 Å x 89 Å. 
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The unlabeled target DNA was immerged in a simulation box of 100 Å x 100 Å x 100 
Å including a POPC lipid patch, water, and 100 mM KCl. The DNA was kept in close 
with lipid using a virtual bond connecting the sugar ring oxygen of A30 at 3‟ end of 
target DNA and the phosphate of a lipid. The all-atom MD simulations were 
performed using the developing version of program NAMD 2.7 (Phillips et al, 2005) 
with the TIP3P model for explicit water and the CHARMM27 force field including 
the CMAP correction (Mackerell et al, 2004). In all simulations, periodic boundary 
condition was applied with a time step of 1 fs. Nonbonded energies were calculated 
using particle mesh Ewald full electrostatics and a smooth (1.0-1.2) cutoff of the van 
der Waals energy. Constant temperature was maintained using Langevin thermostat 
with a damping coefficient of 1 ps
-1
. A Nosé-Hoover Langevin piston barostat was 
employed to maintain a constant pressure with a period of 200.0 fs and damping 
timescale of 100.0 fs. Each system was simulated for 75 ns, where the last 25-ns data 
were taken to calculate the radius of gyration. 
The DNA hairpin probe composes of a 6-bp stem and a poly-thymidine (T20) 
loop. The unlabeled target DNA has a complementary sequence of poly-adenosine 
(A30). The DNA hairpin stem was modeled with B-DNA-type geometry with a 
random conformation for the poly-T loop. K
+
 and Cl
-
 ions were added to the water 
box to obtain a 100 mM KCl solution. Additional K
+
 ions were added to neutralize the 
system. The resulting system contains 67229 atoms including DNA, water, and ions. 
The starting structure of target DNA was modeled by removing the complementary 
strand from a B-form double helix DNA. A patch of POPC with 274 lipids was added 
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to the system with the membrane normal along the z-axis. The distance between the 
oxygen of A30 at 3‟ end of target DNA and the phosphate of one of lipids was 
harmonically restrained to be 10 Å through a virtual bond. Such restrain mimic the 3‟-
Cholesteryl TEG used in the experiment to prevent the target DNA from moving 
away from membrane while allow the target DNA diffuse along with the bonded lipid. 
Solvent was then added to both sides of the membrane, and the system was 
neutralized with 100 mM KCl using the Solvate and Auto ionize plugins of VMD. 
The simulated system has about 183,000 atoms. 
The simulated system of DNA hairpin was subject to 4000 steps of conjugate 
gradient minimization and 500-ps NPT (constant pressure and temperature) 
equilibration with DNA harmonically restrained. The system then was subject to 10-
ns annealing at 500 K with the 6bp stem harmonically restrained in the NVT (constant 
volume and temperature) ensemble. After cooling the system down, the 75-ns 
production run was performed in the NVT ensemble at T = 310 K. The simulated 
system of unlabeled target DNA was subject to 4000 steps of conjugate gradient 
minimization first. Then, lipid tails were melted in a 1-ns NVT simulation at 310 K 
during which all other atoms were fixed. The system was then equilibrated in the NPT 
simulation at 1 atm and 310 K for 1 ns with DNA harmonically restrained and 
followed by 1-ns simulation with all restraint released. Finally, the 75-ns production 
run was performed in the NPT ensemble with constant area of the lipid bilayer and a 
constant normal pressure of 1 atm. 
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6.7 FIGURES AND CAPTION 
 
Figure 1. (A) Lipid mixed fractions of docked vesicle pairs 1min after docking. The 
first bar is with SNAREs only and the second bar is with SNAREs and Syt1. The 
error bars represent standard deviation (SD). (B) A typical time trace of fluorescence 
dequenching of small sulforhodamine B molecules due to content mixing (Kyoung et 
al, 2011). More time traces for content mixing are shown in Figure S6.The leakage as 
opposed to content mixing yields the fluorescence intensity near zero. Examples of 
photobleaching and leakage are shown in Figure S7. The probability of the leakage of 
sulforhodamine B is ~ 1 %. The error bars, which represent standard deviation, were 
obtained from 3 independent measurements. (C) Sulforhodamine B content mixing at 
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various concentrations of SNAREs. No Syt1 is present. (D) Syt1/Ca
2+
 stimulate 
sulforhodamine B content mixing significantly. Total 192 time traces were used to 
generate the cumulative fusion time histogram. 
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Figure 2. Single-molecule content mixing assay employing large DNA cargoes. (A) 
Schematics of the assay. Vesicles reconstituted with VAMP2 proteins (v-vesicles) and 
encapsulating dual-labeled DNA hairpins are immobilized on the surface of the flow 
cell. Vesicles reconstituted with Syntaxin1A/SNAP-25 proteins (t-vesicles) and 
encapsulating unlabeled target DNA strands are flown in. (B) The time evolution of 
the radius of gyration (Rg) for Cy3/Cy5 dual-labeled DNA hairpin and unlabeled 
target DNA. The average radius of gyration Rg over the last 25-ns simulations for 
each DNA molecule shown in the black dash line is 1.91 ± 0.53 nm and 1.80 ± 0.28 
nm for the labeled DNA hairpin and unlabeled target DNA, respectively. The Rg of 
target DNA collapses rather quickly from a relatively extended configuration as 
shown in Figure S4. The results are consistent with the known high flexibility of 
single-stranded DNA (persistent length 1.5 nm). (C) The snapshots of the equilibrated 
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system for the unlabeled target DNA (upper) and the dual-labeled DNA hairpin 
(lower) resulting from 75-ns MD simulations. 
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Figure  3. Single vesicle content mixing of DNA cargoes. (A) Typical time traces of 
fluorescence intensities (green curve for the donor and red curve for the acceptor) and 
the corresponding FRET efficiency (blue curve) for the DNA probes that show a 
content mixing event. The red laser excitation was used to verify that the FRET 
change was induced by DNA annealing, not from photobleaching of the acceptor dye. 
The photobleaching probability was ~ 0.4 %.More time traces are shown in Figure S6. 
Examples of photobleaching and leakage are shown in Figure S7. (B) The cumulative 
fusion time histograms determined from 195 traces for large DNA probes was 
overlaid with that for sulforrhodamine B. Syt1 is present in all experimental runs. 
Blue arrows indicate the arrival of Ca
2+
. The inset represents the first 10 sec of fusion 
time histograms. The sample size of docked vesicle pairs was 5383. (C) Energy 
landscape for fusion pore dynamics. The activation free energy was calculated from a 
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standard free energy equation kexp/kspo=exp(-ΔG
‡
/RT), where kexp is the rate constant 
for pore expansion while kspo is that of small pore opening. (D) Content mixing for the 
small and large indicators during initial 60 sec with or without Ca
2+
. The data were 
derived directly from three independent experiments for both small and large content 
indicators. The error bars, which represent standard deviation, were obtained from 6 
independent measurements. 
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Figure 4. Complexin 1 accelerates fusion pore expansion for Ca
2+
-triggered fusion 
mediated by SNARE and Syt1. Complexin 1 promotes fusion pore opening probed by 
small sulforhodamine B (A) only modestly but it stimulates fusion pore expansion 
probed large DNA probes (B) significantly. Results were obtained from 3~5 
independent experiments. (C) Bar graph analysis of content mixing events at t=60 s 
for both small and large cargos. The error bars, which represent standard deviation, 
were obtained from 6 independent measurements. 
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6.8 SUPPORTING INFORMATION 
 
 
 
Figure S1. Content mixed fractions of docked vesicle pairs for sulforhodamine B at various 
concentrations of Ca
2+
. The error bars, which represent standard deviation, were obtained 
from at least three independent measurements. 
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Figure S2. Syt1/ Ca
2+
 stimulates SNARE assembly. (A) N-terminal end-to-N-terminal end 
(NN)-FRET and (B) C-terminal end-to-C-terminal end (CC)-FRET time traces upon 
incubation of v-vesicles with t-vesicles (blue), or with v-vesicles with Syt1 in the presence 
(red) or absence (green) of Ca
2+
 ions. For NN-FRET N-termini of syntaxin 1A I187C and 
VAMP2 G18C were labeled with donor (Cy3) and acceptor (Cy5) dyes, respectively, while 
for CC-FRET C-termini of syntaxin 1A G288C and VAMP2 T116C were labeled. The FRET 
efficiency was calculated by the formula: E = Ia/(Ia+Id), where Ia is the fluorescence intensity 
of the acceptor Cy5 and Id is that of the donor Cy3. The maximum FRET value observed was 
only in the range of 0.08-0.1, which was much less than expected, considering nearly a half of 
docked vesicle pairs underwent content mixing (see Figure S11). The low FRET value was 
perhaps due to the low labeling percentage. 
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Figure S3. Dual-labeled DNA hairpin probes are single-stranded oligonucleotide 
hybridization probes that form a stem-and-loop hairpin structure. The loop contains a probe 
sequence (poly-T, 20mer long) that is complementary to a target sequence (poly-A, 30mer), 
and the 6 base pair stem is formed by the annealing of complementary arm sequences that are 
located on either side of the probe sequence (GGCGCC & GGCGCC). A Cy3 donor is 
covalently linked to the end of one arm and a Cy5 acceptor is covalently linked to the end of 
the other arm.  
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Figure S4. Snapshots of the initial state for the unlabeled target DNA (left) and the dual-
labeled DNA hairpin (right). The simulated systems include waters (blue box), K
+
 ions 
(brown spheres), Cl
-
 ions (cyan spheres), lipid bilayers (orange head and cyan tails) and DNA 
molecules colored by type of nucleotide (yellow: G, orange: C, purple: T, blue: A). The water 
boxes have a dimension of 89 Å x 89 Å x 89 Å and 100 Å x 100 Å x 186 Å for the dual-
labeled DNA hairpin and the unlabeled target DNA, respectively. 
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Figure S5. The 633 nm laser excited images of acceptor channels for vesicle encapsulated (A) 
and surface immobilized (B) DNA probes before and after a DNase treatment. In (A), no 
significant difference on fluorescent spots was observed between cases with (169 ± 18) or 
without (168 ± 20) DNase treatment. For surface immobilized DNA molecules without 
vesicle protection (B), more than 90% of DNA molecules were digested by DNase. Together, 
the DNA hybridization inside vesicles has been confirmed.  
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Figure S6. Real time measurements of content mixing. Typical large DNA single-
molecule/vesicle fluorescence time traces and FRET (A) and small sulforhodamine B de-
quenching content-mixing time traces (B). Blue arrows indicate the arrival of Ca
2+
. For DNA 
probes, red laser excitation was used to sort out and exclude photobleaching events near the 
end of the experimental run. 
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Figure S7. Real time traces of large DNA probe photobleaching (A) and small 
sulforhodamine B leakage (B). In comparison with the true DNA probe annealing event 
(Figure S6A) the acceptor signal recovery was not detected upon red laser excitation at the 
end of measurement. The leakage of small content mixing indicator is shown as the decrease 
of fluorescence (Figure S6B).  
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Figure S8. Target DNA does not interfere with the content mixing assay employing the small 
indicator, sulforhodamine B. The same amount of the target DNA used for large DNA content 
mixing was included in unlabeled t-SNARE vesicles in a content mixing assay employing 
sulforhodamine B. The cumulative fusion time histogram was essentially the same as that 
obtained without the target DNA in t-vesicles. 
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Figure S9. Docking probabilities for small and large content mixing assays. Without v-
vesicles immobilized on the PEG surface (left panel), non-specific binding of t-vesicles 
containing 2 % DiD (upper) or DiI (lower) could be negligible. When v-vesicles containing 
sulforhodamine B (upper) or DNA probe (lower) were immobilized on the PEG surface (right 
panel), SNARE induced specific binding were observed, and docking probability is around 
67 % for sulforhodamine B contained v-vesicles and 74 % for DNA probe contained v-
vesicles, respectively. To calculate the docking percentage, the number of surface tethered 
vesicles were obtained by spreading the vesicles doped with DiI or DiD under identical 
conditions. 
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Figure S10. Complexin 1 does not affect the kinetics of yeast SNARE-dependent liposome 
fusion. Changes of the FRET efficiency (∆E) in time after mixing t-vesicles (Sso1p was 
reconstituted at L/P ratio of 200) and v-vesicles (Snc2p was reconstituted at the L/P ration of 
200) at 0.1 mM lipid concentration are shown. The lipid composition is the same as that we 
used for neuronal SNAREs. The red line represents fusion with yeast SNARE only, while the 
blue and cyan lines represent yeast SNARE with 2 M and 5 M complexin 1 (Cpx), 
respectively. The black line represents the control without Sec9. 
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Figure S11. SNARE complexes, synaptotagmin 1 (syt1), and Ca
2+
 are efficient to expand the 
fusion pore. Content mixing E distributions after incubating pre-docked t- and v-vesicle (Syt1) 
pairs for 30 minutes at 37 
o
C in the presence of 500 M Ca2+ or together with soluble VAMP2 
(10 M). A significant low E peak associated with content mixing is shown in the upper panel.  
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Table S1. 
Lipid mixing assay with SNARE and SANRE/Syt1 
 
 Total analyzed 
t-vesicles 
Per screen Total analyzed v-
vesicles 
Per screen 
SNARE 1709 56.9 14610 487 
SNARE/Syt1 4722 157.4 13167 438.9 
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Table S2.  
Numbers of fusion events and total vesicles for content mixing using the small content 
indicator, sulforhodamine B. 
 
 Fusion events Total docked vesicles 
SNAREs (1/200) 8 818 
SNAREs (1/100) 9 446 
SNAREs (1/50) 12 392 
SNAREs (1/100), 1000 M Ca2+ 10 862 
Syt1 w/o VAMP2, 1000 M Ca2+ 4 1041 
SNAREs/Syt1 12 1430 
SNAREs/Syt1, 50 M Ca2+ 22 1120 
SNAREs/Syt1, 100 M Ca2+ 73 1105 
SNAREs/Syt1, 200 M Ca2+ 112 1095 
SNAREs/Syt1, 500 M Ca2+ 192 1300 
SNAREs/Syt1, 1000 M Ca2+ 209 971 
SNAREs/Syt1/Cpx, 500 M Ca2+ 128 750 
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Table S3.  
Numbers of fusion events and total vesicles for content mixing with large content indicator, 
DNA probes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fusion events Total docked vesicles 
SNAREs 1 673 
SNAREs/Syt1 3 1094 
SNAREs/Syt1, 500 M Ca2+ 195 5383 
SNAREs/Syt1/Cpx, 500 M Ca2+ 270 4180 
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CHAPTER 7  
The synaptotagmin 1 linker may be an electrostatic zipper 
that opens for docking but closes for fusion pore opening 
 
7.1 ABSTRACT 
Synaptotagmin 1 (Syt1), a major Ca
2+
 sensor for fast neurotransmitter release, 
contains tandem Ca
2+
-binding C2 domains (C2AB), a single transmembrane α-helix, 
and a highly charged 60-residue-long linker in between. Using the single vesicle 
fusion assay we found that the linker region of Syt1 is essential for both Ca
2+
-
independent vesicle docking and Ca
2+
-dependent fusion pore opening. The linker 
contains the basic amino acid-rich N-terminal region and the acidic amino acid-rich 
C-terminal region. When the charge segregation was disrupted, fusion pore opening 
was slowed while docking was unchanged. When the N- and C-terminal regions are 
cross-linked via an intramolecular disulfide bond, docking was reduced, while pore 
opening was enhanced. Consistantly, deleting 40 residues from the linker reduced 
docking but enhanced pore opening. Thus, the results suggest that the electrostatically 
bipartite linker region might have the capacity to extend for docking and fold to 
facilitate pore opening.  
 
7.2 INTRODUCTION 
Neurotransmitter release at the synapse constitutes the fundamental basis for 
major brain functions including cognition, memory, and motor control. The precise 
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temporal control of the release is essential for healthy brain activities. SNAREs 
(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) are known to 
be the core fusion machinery in neuro-exocytotic pathways
1-3
. SNARE complex 
formation between the synaptic vesicle and the plasma membrane is mediated by the 
cognate coiled coil motifs on vesicle (v-) and target plasma membrane (t-) SNAREs: 
one such motif from t-SNARE syntaxin 1A, two from t-SNARE SNAP-25, and 
another from v-SNARE VAMP2 form a parallel four-stranded coiled coil, which 
brings about the apposition of two membranes
4-6
. SNARE complex formation might 
proceed in sequential steps. Two or three distinct stages have been observed with 
optical or magnetic tweezers set-ups
7
. It is however thought that SNARE proteins 
themselves do not have the required regulatory function that controls the timing of 
SNARE complex formation
8,9
, which confers the temporal on/off switching capability 
for vesicle fusion. A vesicular protein synaptotagmin 1 (Syt1) is instead believed to be 
the key regulator, which senses the spike of the Ca
2+
-level in response to the action 
potential and helps trigger fast vesicle fusion
9-11
. 
At the molecular level, Syt1 contains a transmembrane domain, a putatively 
unstructured linker region (~60 amino acids) and two cytoplasm tandem C2 domains 
(C2AB) that bind Ca
2+ 12
. Syt1 is thought to be involved both in docking and fusion 
pore opening
13-15
. In early steps, Syt1 binding to the binary t-SNARE (syntaxin 
1A/SNAP-25) on the plasma membrane may mediate vesicle docking
13,14,16,17
. Recent 
in vitro experiments indicate that the negatively charged lipid PIP2 play a role in 
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docking via the t-SNARE-Syt1 interaction
14
. In response to the Ca
2+
 influx, Syt1 
inserts into the target plasma membrane, which triggers membrane fusion
18,19
. 
Mechanistically, C2AB is considered as the functional domain and has been 
widely used as a soluble substitute for Syt1
20-23
. However, recent studies have 
indicated that C2AB is not an adequate model to recapitulate important Syt1 
functions
24,25
. C2AB promotes fusion by aggregating vesicles in response to Ca
2+
 and 
thereby enhancing v- and t-SNARE pairing
20,21,25,26
, while Syt1 is supposed to 
stimulate membrane fusion by the trans-interaction with the plasma membrane
13,15,24
. 
For the trans-interaction the 60 residue-long linker region appears to be essential as 
an in vitro study suggests that Syt1 is a distance regulator reaching out to the plasma 
membrane using this long linker
27
. 
Here using the single vesicle content mixing assay, which has the capacity to 
detect the docking and the fusion pore opening steps separately
28,29
, we found that the 
Syt1‟s linker region is essential for both docking and fusion pore opening. The linker 
region is featured with the basic residue-rich N-terminal half and the acidic residue-
rich C-terminal region. Interestingly, this feature is well conserved in all species from 
C. elegans to human. When the asymmetric charge distribution was disrupted by 
double or triple mutations, it hardly affected the docking step, but impaired fusion 
pore opening. However, disulfide cross-linking between the basic and the acidic 
regions reduced docking while it enhanced Ca
2+
 triggered fusion pore opening. Thus, 
our results suggest that the flexible linker region of Syt1 undergoes conformational 
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changes during vesicle fusion: it stretches out to mediate vesicle docking but folds to 
assist C2AB for fusion pore opening. 
 
7.3 RESULTS 
7.3.1 Membrane anchored Syt1 is essential for fusion pore opening.   
C2AB is often used as an alternative model in a variety of in vitro studies
20-23
. 
C2AB is shown to recapitulate some features of Syt1 functions such as Ca
2+
-triggered 
enhancement of SNARE-driven lipid mixing, which has been later found to be via 
aggregating t- and v-vesicles in presence of Ca
2+
 
20,21,25,26
. Here, we revisited the Ca
2+
 
control of SNARE-dependent lipid mixing by C2AB and that by membrane-anchored 
Syt1. As demonstrated previously
13,15,20,21,25
, both C2AB and Syt1 show strong Ca
2+
-
dependent stimulation of lipid mixing (Fig. 1A, Fig. S1). Without SNAP-25 no lipid 
mixing was observed (Fig. 1A), indicating that both lipid mixing cases are SNARE-
dependent. In the absence of Ca
2+
, however, C2AB has no effect on lipid mixing 
while Syt1 has yet substantial stimulatory effect (Fig. 1A). This Ca
2+
-independent 
stimulation of lipid mixing by Syt1 is caused by the enhancement of vesicle docking 
(Fig. S3A), similar to the previously published work
13,14,24,25
, due to the t-SNARE-
Syt1-lipid interaction, which is absent for recombinant soluble C2AB.  
Next, we compared the capacity of soluble C2AB to drive fusion pore opening 
with that of membrane anchored Syt1. As shown previously
28
, SNAREs alone without 
Syt1 cannot efficiently open the fusion pore even in presence of 1 mM Ca
2+
 (red in 
Fig.1B). Pore opening happens in less than 2% of docked vesicles. With 500 μM Ca2+, 
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Syt1 stimulates fusion pore opening significantly, leading to pore opening for 15% of 
docked vesicles (black in Fig. 1B). Surprisingly, however, when 2 μM C2AB was 
used instead of full-length Syt1 we did not observe efficient content mixing in the 
Ca
2+
 range up to 2 mM (grey in Fig. 1B). When we reconstituted Syt1 into vesicles in 
the absence of VAMP2, little content mixing was observed in presence of 1 mM Ca
2+
, 
indicating that the stimulation of fusion pore opening by Syt1 and Ca
2+
 is strictly 
SNARE-dependent. Consistently, when we reconstituted Syt1 into t-vesicles, we 
observed limit enhancement of content mixing (Fig. S3B). Thus, our results show that 
membrane-anchoring of Syt1 is essential for efficient fusion pore opening.  
 
7.3.2 The linker region of Syt1 is highly conserved but does not contribute to the 
binding to the SNARE complexs. 
The fact that C2AB does not reproduce two important functions of Syt1, Ca
2+
-
independent enhancement of docking and Ca
2+
-dependent stimulation of fusion pore 
opening, shows that the linker region is indispensable for Ca
2+
-triggered vesicle 
fusion. We now take a close look at its amino acid sequence. Strikingly, within the 
linker region the N-terminal half is enriched with positively charged amino acids 
while the C-terminal half is abundant in negatively charged amino acids (Fig. 2A). 
Moreover, this feature of the bipartite charge distribution is highly conserved from C. 
elegans to human and all of them have almost equal net charge although the amino 
acids in linker regions are not as highly conserved as those in the C2 domains in 
different species.  
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To test if this bipartite charge distribution in the linker region is important for 
the Syt1‟s function, we made several mutants on the linker region to disrupt this 
asymmetric charge distribution by changing lysine to glutamate (KE) or glutamate to 
lysine (EK). We made single, double, and triple KE mutants (K86E, K86E/K90E, and 
K86E/K90E/K95E mutants, respectively, Fig. 2B). We also made single, double, and 
triple EK mutants (E131K, E131K/E135K, and E131K/E135K/E139K mutants, 
respectively, Fig. 2B). We tested if the bipartite charge distribution is important for 
the SNARE binding affinity of Syt1. As expect, in our pull-down assay all mutants 
showed similar binding abilities to t-SNAREs without Ca
2+
 and to the ternary SNARE 
complex in presence of Ca
2+
 (Fig. 2C), indicating that the linker region of Syt1 does 
not directly contribute to the interaction with SNARE complexes. 
 
7.3.3 The bipartite charge distribution in the Syt1 linker plays a role in fusion 
pore opening. 
To test if the asymmetric charge distribution in Syt1 linker region influence 
vesicle fusion, we investigated the effect of those Syt1 mutants we made (K86E, 
K86E/K90E, and K86E/K90E/K95E, E131K, E131K/E135K, and 
E131K/E135K/E139K) on vesicle docking, lipid mixing, and pore opening. The 
single vesicle pairing analysis shows that all mutations have negligible effect on 
vesicle docking (Fig. 3A) or on lipid mixing (Fig. S4A). In the content mixing assay 
with 500 μM Ca2+, we did not observe any change in content mixing for single EK or 
KE mutants (Fig. 3B left).  
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However, for double or triple mutants we clearly observed the impairment of 
fusion pore opening (Fig. 3B middle and right) in the presence of 500 μM Ca2+. The 
quantitative analysis revealed that after 1 minute content mixing for double mutants 
was reduced by 20~30% when compared with that of wild-type Syt1 while triple 
mutants had as much as 50% reduction (Fig. 3C). Thus, our results suggest that the 
bipartite charge distribution contributes to fusion pore opening positively.   
 
7.3.4 Disulfide cross-linking in the linker reduces docking while enhances fusion 
pore opening. 
By what mechanism does the bipartite linker region contribute to fusion pore 
opening? One can envision that electrostatic interaction between the basic N-terminal 
region and the acidic C-terminal region drives some folding of the linker region, 
which would effectively shorten the tether between C2AB and the transmembrane 
domain.  
To further verify the hypothesis that folding and unfolding state of linker 
region of Syt1 regulate synaptic vesicle fusion, we designed a double-cysteine mutant 
of Syt1 G92C/G130C, which can lock the folded conformation by cross-linking the 
N-terminal to C-terminal regions by the intramolecular disulfide bond. The double-
cysteine mutant was cross-linked with 1 mM H2O2 in lysis buffer. As expected, both 
intermolecular and intramolecular disulfide bonds formed in this process, and the 
intermolecular disulfide bonded dimers or even higher oligomers had lager molecular 
weights than the intramolecular disulfide bonded monomer. Thus, we can further 
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purified the intramolecular disulfide bonds monomer from intermolecular disulfide 
bonded oligomers via gel filtration on a 10/300 GL Superdex 200 column (Fig. 4A), 
which was confirmed by SDS-PAGE (Fig. 4A).  The disulfide bonded monomer ran 
slightly faster than the wide-type monomer or the monomer in the presence of DTT, 
making it easy to confirm the intramolecular disulfide bond formation. Then, we 
reconstituted the purified intramolecular cross-linked Syt1 into v-vesicles. 
We found that the cross-linked Syt1 mutants reduced vesicle docking by about 
40% but the inhibition of vesicle docking could be recovered when the sample was 
treated by DTT (Fig. 4B). Thus, the results show the flexibility of the linker region is 
favorable for Syt1 in assisting vesicle docking. 
In contrast, in the content mixing assay, cross-linked Syt1 enhanced fusion 
pore opening compared to wild-type Syt1 by about 50% (Fig. 4C and 4D), which also 
could be negated by DTT. The same trend was also observed in Ca
2+
 stimulated lipid 
mixing for disulfide bonded Syt1 (Fig. S4B). Thus, the results show that the folded 
linker region is more preferable for Syt1/Ca
2+
 to drive lipid mixing and opening of the 
fusion pore.  
To further substantiate this observation, we made the linker of Syt1 shorter by 
deleting 40 amino acids (Δ(99-140)aa). As expected, the truncated mutant of Syt1 
reduced the vesicle docking by ~50%, but enhanced fusion pore opening by more than 
40% (Fig. 4E). Thus our results support the notion that an extended and flexible linker 
region is preferred for Syt1 to induce vesicle docking to the plasma membrane while a 
shorter linker region is favored for Syt1 to drive fusion pore opening.  
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7.4 DISCUSSION 
In this work our single vesicle lipid mixing and content mixing assays helped 
reconstitute two important Syt1 functions in synaptic vesicle fusion successfully: 
Ca
2+
-independent docking and Ca
2+
-dependent fusion pore opening
13,14
. When 
recombinant soluble C2AB for which the linker and transmembrane region was 
deleted was used instead these two important Syt1 functions were both lost as 
previously reported by Chapman and coworkers
25
.  
The linker region is featured with the distinct charge segregation: Positively 
charged amino acids are enriched in the N-terminal region while the negatively 
charged amino acids are clustered in the C-terminal region. Therefore, one might 
wonder if they are capable of folding as an electrostatic zipper, which might be able to 
regulate the distance between functional C2AB and the membrane anchor. Indeed, the 
molecular dynamics simulation for wild-type sequence reveals that the linker region 
can collapse due to electrostatic interactions. When the charge segregation was 
disrupted by triple E to K or K to E mutations the simulation showed that the linker 
region instead prefers to be in an extended conformation (Fig. S6). Our single vesicle 
experiments show that the double and triple E to K and K to E mutations impair 
fusion pore opening. Thus, the results suggest that the folded conformation is 
favorable for fusion pore opening and for double and triple mutants the electrostatic 
interactions are weakened and the tendency for the linker to refold is reduced and 
consequently, pore opening becomes slower. In contrast, the disulfide cross-linked 
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mutant and the mutant with shortened linker both showed enhanced fusion pore 
opening, corroborating the argument. 
For both disulfide cross-linked mutant and the mutant with shortened linker 
vesicle docking was reduced, suggesting that the extended linker region might be 
favored for docking. It is however intriguing that for E to K or K to E mutants 
docking was unchanged when compared to the wild-type Syt1. The results might 
suggest that the linker region remains to be mostly in an extended conformation in the 
absence Ca
2+
.  
For Syt1-mediated docking the longer linker would be the better. The 60 
residue long linker can theoretically extend as much as 30 nm, which will allow 
C2AB to reach out to bind t-SNARE on the target membrane
14,16
. In contrast, for 
Ca
2+
-triggered vesicle fusion the short linker would be the better because it would 
allow more efficient SNARE complex formation in a confined environment. Thus, to 
make the linker be effective for both docking and fusion it has perhaps evolved to 
become an electrostatic zipper that can extend to facilitate docking but fold to help 
SNARE assembly. 
The conformation of the linker region may be in equilibrium between 
extended and folded conformation. Hypothetically, it populates extended 
conformation in the absence of Ca
2+
, thereby assisting Syt1-mediated docking (Fig. 
5A). But the equilibrium shifts to the folded conformation in the presence of Ca
2+
 to 
reduce the gap between two membranes (Fig. 5B&C). Conceptually, the hypothetical 
model presented here is similar to the distance regulation model proposed by Jahn and 
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Coworkers for Ca
2+
-triggered stimulation of SNARE-dependent membrane fusion by 
Syt1
27,30
. In our work we propose that the linker region play a role in regulating the 
distance between two opposing membranes. 
In summary, we show using single vesicle fusion assay that the linker region 
of Syt1 is necessary to confer Syt1 a function to mediate Ca
2+
-independent docking 
and another function to facilitate Ca
2+
-dependent fusion pore opening. Such dual 
function might be possible due to the capacity of the electrostatically bipartite linker 
region to extend and fold in response to Ca
2+
 signal. 
 
7.5 METHODS 
7.5.1 Plasmid Constructs and Site-Directed Mutagenesis. DNA sequences 
encoding rat syntaxin 1A (amino acids 1-288 with three native cysteines, 
C145/C271/C272, replaced by alanines), rat VAMP2 (amino acids 1-116 with C103 
replaced by alanine), rat SNAP-25 (amino acids 1-206 with four native cysteines, 
C85/C88/C90/C92, replaced by alanines), C2AB (amino acids 140-421), soluble 
syntaxin 1A (amino acid 191-266), and soluble VAMP2 (amino acids 1-96) were 
inserted into the pGEX-KG vector as N-terminal glutathione S-transferase (GST) 
fusion proteins. SNAP-25 (amino acids 1-206 with four native cysteines, 
C85/C88/C90/C92, replaced by alanines) was inserted into pET-28b vector as N-
terminal 6xHistidine-tag fusion protein. Full length synaptotagmin 1 (Syt1, amino 
acids 50-421) was inserted into pET-28b vector as a C-terminal 6xHistidine-tagged 
protein. We used the Quick Change site-directed mutagenesis kit (Stratagene) to 
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generate all Syt1 mutants including Syt1 K86E, K86E/K90E, K86E/K90E/K95E, 
E131K, E131K/E135K, E131K/E135K/E139K, C277A/G92C/G130C and Syt1 linker 
deletion mutant (Δ(99-140)aa). DNA sequences were confirmed by the Iowa State 
University DNA Sequencing Facility. 
 
7.5.2 Protein expression and purification. The GST-tagged proteins were expressed 
in E. coli Rosetta (DE3) pLysS (Novagene). Details can be found in our previous 
work
13
. The 6xHistidine-tagged proteins were expressed in an E. coli BL21 (DE3) 
(Novagen) and purified with the same protocol as described in our previous work
13
.   
 
7.5.3 Membrane reconstitution. The lipid molecules used in this study are 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), phosphatidylinositol-4,5-bisphosphate (PIP2, from porcine 
brain), cholesterol, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamin-N-(biotinyl) 
(biotin-DPPE). All lipids were obtained from Avanti Polar Lipids. 1,1′-Dioctadecyl-
3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate  (DiI), 1,1′-Dioctadecyl-3,3,3′,3′-
Tetramethylindodicarbocyanine Perchlorate (DiD), and sulforhodamine B were 
obtained from Invitrogen. 
For the bulk lipid mixing assay, the molar ratios of lipids were 15:61:20:2:2 
(DOPS:POPC:cholesterol:PIP2:DiI) for the t-SNARE-reconstituted t-vesicles, and 
5:73:20:2 (DOPS:POPC:cholesterol:DiD) for the v-SNARE-reconstituted v-vesicles, 
respectively. For the single vesicle docking and lipid mixing assay, 0.1% Biotin-
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DPPE was applied in v-vesicles by replacing equal amount of POPC. The lipid 
mixture was first completely dried and then hydrated by dialysis buffer (25 mM 
HEPES, pH 7.4, 100 mM KCl). After five freeze–thaw cycles, protein-free large 
unilamellar vesicles (~100 nm in diameter) were prepared by extrusion through 100 
nm polycarbonate filters (Whatman). For membrane reconstitution, proteins were 
mixed with vesicles at the protein to lipid molar ratio of 1:200 (this ratio was kept for 
all the experiments including the single vesicle content mixing assay) with ~0.8% OG 
in the dialysis buffer at 4°C for 15 min. The mixture was diluted two times with 
dialysis buffer and this diluted mixture was then dialyzed in 2 L dialysis buffer at 4°C 
for overnight. Details for reconstitution have been shown in previous work
13
. 
For the single vesicle content mixing assay with the small sulforhodamine B 
content indicator, the lipid compositions were the same as those used in the single 
vesicle lipid mixing assay except that the fluorescent lipid dyes (DiI and DiD) were 
replaced by the equal amount of POPC. The lipid mixture was first completely dried 
and then hydrated by dialysis buffer, but a population of vesicles to make v-vesicles 
was hydrated in the presence of 50 mM sulforhodamine B. After five freeze–thaw 
cycles, protein-free large unilamellar vesicles (~100 nm in diameter) were prepared 
by extrusion through 100 nm polycarbonate filters (Whatman). During membrane 
reconstitution, t-SNARE reconstituted t-vesicles preparation is the same as above, 
however, for v-vesicle reconstitution, the overall process is similar as t-vesicles 
except that v-vesicles were always kept in the 50 mM sulforhodamine B before 
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dialysis overnight. Free sulforhodamine B was removed using the PD-10 desalting 
column (GE healthcare) after dialysis. 
 
7.5.4 Bulk lipid mixing assay. Reconstituted t- and v-vesicles were mixed at a ratio 
of 1:1. The final lipid concentration was 0.05 mM. The fluorescence intensity was 
monitored in two channels with the excitation wavelength of 530 nm and emission 
wavelengths of 570 and 670 nm for donor DiI and acceptor DiD, respectively. 
Fluorescence changes were recorded with the Varian Cary Eclipse model fluorescence 
spectrophotometer using a quartz cell of 100 μL with a 2 mm path length. All 
measurements were performed at 35 °C. 
 
7.5.5 Single vesicle docking, lipid and content mixing assays. After coating the 
quartz surface with a solution of methoxy-polyethylene glycol (mPEG) and biotin-
PEG molecules to eliminate non-specific binding of vesicles, the quartz slide was 
assembled into a flow chamber and coated with neutravidin (0.2 mg/ml). Following 
30 minutes incubation at room temperature, the v-vesicles were immobilized on the 
PEG-coated surface. After two rounds of 200 l buffer washing, the t-vesicles (100 ~ 
200 nM) were injected into the flow chamber for 30 minutes pre-docking at room 
temperature (~25 C). After washing out the free t- vesicles, the docking probability 
was calculated by the ratio of docked t-vesicles and total anchored v-vesicles in the 
imaging area (4590 m2). The detail of single vesicle docking assay was reported in 
our previous work
13
. 
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For single vesicle lipid mixing, after washing out the free t- vesicles, further 
reaction was conducted at 37  2 C in the dialysis buffer for 30 minutes with or 
without 500 M Ca2+. The detail of the single vesicle lipid mixing assay was reported 
in our previous work
28,31
. 
For real-time imaging of the small sulforhodamine B content release, the 
sulforhodamine B containing v-vesicles were immobilized on the PEG-coated surface. 
After two rounds of 1 ml buffer wash, empty t-vesicles were injected into the channel 
to make them bind to v-vesicles. After 30 minutes incubation at room temperature 
(~25 C), the dialysis buffer with or without 500 M Ca2+ was injected into the flow 
chamber at a speed of 33 µl/sec by a motorized syringe pump. The detail of the single 
vesicle content mixing assay was reported in our previous work
28,31
 
 
7.5.6 GST Pull-down assay.  To form the binary complex, 6xHistidine-tagged 
SNAP-25 and GST-tagged soluble syntaxin 1A (191-266) cell lysates were mixed and 
loaded to Ni-NTA beads. The binary complex was purified following the same 
procedure described for 6xHistidine-tagged SNAP-25. Then the purified binary 
complex was loaded to Glutathione-agarose beads. After washed thoroughly with 
cleavage buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.8% OG) to remove 
unbound 6xHistidine-tagged SNAP-25, the beads immobilized with binary complex 
were separated equally into 1.7 ml Eppendorf tubes. And then about equal amount of 
wild-type Syt1 or its mutants and equal volume of cleavage buffer were added to the 
immobilized binary complex and the mixture was incubated at 4 degree for 1h. The 
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beads were then washed thoroughly with the cleavage buffer. 5xSDS-loading buffer 
(0.313 M Tris-HCl, pH 6.8, 10% SDS. 0.05% bromophenol blue. 50% glycerol) was 
added to the samples and boiled for 10 min. Proteins were resolved on precast 12% 
SDS-PAGE and visualized by Coomassie blue staining. To test binding of wild-type 
Syt1 and its mutants to the ternary SNARE complex, purified soluble syntaxin 1A 
(191-266) was mixed with 6xHistidine-tagged SNAP-25 and GST-tagged soluble 
VAMP2 (1-96) cell lysates before loading to Ni-NTA beads. The ternary complex 
was purified following the same procedure described for 6xHistidine-tagged SNAP-
25. Then the purified ternary complex was loaded to Glutathione-agarose beads. After 
washed thoroughly with cleavage buffer to remove unbound 6xHistidine-tagged 
SNAP-25 and binary complex, binding of wild-type Syt1 and its mutants was carried 
out following the same procedure as the immobilized binary complex, except that 500 
μM Ca2+ was added to the cleavage buffer all the time. 
 
7.5.7 Cross-linking and gel filtration assays. Native cysteine at position 277 in 
wild-type Syt1 was mutated to Ala, and then Gly 92 and Gly 130 were mutated to Cys. 
1 mM H2O2 was added to the cell lysate before loading to Ni-NTA beads, and then 
the protein was purified following the same procedure described for wild-type Syt1. 
To separate the intermolecular disulfide bonded oligomers from intramolecular 
disulfide-bond monomer, the protein was concentrated and loaded to 10/300 GL 
Superdex 200 column (GE healthcare) on the Bio-rad biologic Duoflow system. 
Multi-peak Gaussian curves were fitted to the elution profile obtained from the gel 
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filtration experiment using Origin 8.0 (Fig. 4A). The sample was collected with the 
elution volume from 15 to 20 ml as monomer and from 10 to 14 ml as dimer. The 
samples were analyzed on precast 12% SDS-PAGE and visualized by Coomassie blue 
staining the SDS-PAGE (Fig. 4A).   
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7.7 FIGURE LEGENDS 
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Figure 1. Syt1 is a superior fusion pore opener to C2AB. (A) Bulk lipid mixing 
assay with C2AB and reconstituted Syt1. Initial rate of changes of the FRET 
efficiency (Fig. S1) was calculated. The black bar is the control with SNAREs only 
without Syt1. The blue bars represent lipid mixing in presence of 2 μM C2AB with 
100 μM Ca2+ (filled bar), or without Ca2+ (unfilled bar), while the red bars represent 
the reaction in presence of Syt1 with 100 μM Ca2+ (filled bar), or without Ca2+ 
(unfilled bar). The grey bar is the negative control without SNAP-25. Error bars were 
obtained from 3 independent measurements with 3 different preparations. (B) The 
single vesicle content mixing assay with 2 μM C2AB with different Ca2+ 
concentration (grey bars) and Syt1 (black bar). Red bars represent SNARE only with 
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or without Ca
2+
. Blue bar represents Syt1 without VAMP2 in presence of 1 mM Ca
2+
. 
Error bars were obtained from 3 independent measurements with 3 different 
preparations. An exemplary image of acceptor and donor channels for content mixing 
and a typical time trace of dequenching of small sulforhodamine B are shown in Fig. 
S2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
196 
 
 
A
C
B
 
 
Figure 2. Aymmetric distribution of charged amino acids on the linker region 
does not contribute to SNARE binding. (A) Multi-alignment of the Syt1 linker 
amino acid sequences from C. elegans to human shows that the Syt1 linker is highly 
conserved. Residues numbers of the rat Syt1 sequence are labeled. The positive 
charged residues Lys and Arg are shown in blue, and the negative charged residues 
Asp and Glu are shown in red. Net charges are shown on the right. The highly 
asymmetric distribution of charged residues is simply emphasized in the upper bar. 
All amino acid sequences are obtained from the UniProtKB database with entry of Syt 
1_RAT (P21707), Syt 1_HUMAN (P21579), Syt 1_CHICK (P47179), Syt 1_APLCA 
(P41823), Syt 1_DROME (P21521), and Syt 1_CAEEL (P34693). The muti-
alignment is carried out by MutiAlin. (B) The single, double, and triple K to E (K86E, 
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K86E/K90E, and K86E/K90E/K95E) mutants and those of E to K (E131K, 
E131K/E135K, and E131K/E135K/E139K) are made to disrupt the asymmetric 
distribution of charged residues. (C) The charge-disrupting mutations do not alter 
Syt1‟s binding abilities to SNARE complexes as shown by the GST pull-down assay 
for the binary complex and the ternary complex. Binary complex is formed between 
GST-tagged soluble Syntaxin 1A (191-266) and 6xHistidine-tagged SNAP-25. 
Ternary complex is formed among GST-tagged soluble VAMP2 (1-96), Syntaxin 1A 
(191-266), and 6xHistidine-tagged SNAP-25.  
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Figure 3. Asymmetric distribution of charged amino acids in the Syt1 linker 
region is important for fusion pore opening. (A) Normalized single vesicle docking 
probabilities for wild-type Syt1 and its mutants. Error bars were obtained from 3 
independent measurements with 3 different preparations. (B) Real time single vesicle 
content mixing with Syt1 single (left), double (middle) and triple (right) E to K or K 
to E mutants. The solid and dotted black lines represents Syt1 WT with Ca
2+
 and 
without Ca
2+
, respectively; the red lines represent Syt1 K to E mutants and the blue 
lines for Syt1 E to K mutants. (C) Single vesicle content mixing events within 1 min. 
Black bars are without Ca
2+
 while grey bars are in presence of 500 μM Ca2+. Error 
bars were obtained from 3 independent measurements with 3 different preparations. 
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Figure 4. Disulfide cross-linking or deletion in the Syt1 linker region reduces 
docking but enhances pore opening. (A) FPLC profile showing the separation of the 
Syt1 monomer and the dimer. (Inset) SDS-PAGE gels show purification and 
separation of Syt1 cross-linked mutants with or without DTT. Lane 1 for protein 
markers, lane 2 for Syt1 WT, lane 3 for Syt1 cross-linked mutants, and lane 4 for Syt1 
cross-linked monomer. (B) Normalized docking probability for Syt1 cross-linked 
mutants with or without DTT. Error bars were obtained from 3 independent 
measurements with 3 different preparations. (C) Real time content mixing with the 
cross-linked mutants. The solid and dotted black lines represent wild-type Syt1 in the 
presence of 500 μM Ca2+ without and with 1 mM DTT, respectively. The solid and 
dotted red lines represent Syt1 cross-linked monomer mutant with 500 μM Ca2+ with 
and without 1 mM DTT, respectively. (D) Bar graphs represent content mixing events 
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within 1min. Black and grey bars represent content mixing in presence of 500 μM 
Ca
2+
 with and without 1mM DTT respectively. Error bars were obtained from 3 
independent measurements with 3 different preparations. Bar graphs representing 
content mixing events in the absent of Ca
2+
 within 1 min were separately shown in 
Fig. S5. (E) Bar graphs represent content mixing events within 1 min with the Syt1 
linker deletion mutant. The black bars represent wild-type Syt1, and red bars represent 
Syt1 linker deletion mutant. Error bars were obtained from 3 independent 
measurements with 3 different preparations. 
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Figure 5. A hypothetical model summarizing the mechanism by which the Syt1 
linker assists docking and fusion.  For docking the Syt1 linker region extend for 
C2AB (dark green) to reach out t-SNARE (green and red) residing on the plasma 
membrane surface (A). Upon Ca
2+
 arrival the linker region folds, reducing the gap 
between the vesicle membrane and the plasma membrane, which facilitates SNARE 
complex formation (B). The SNARE complex and Syt1/Ca
2+
 complex drive fusion 
pore opening (C).  
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7.8 SUPPORTING INFORMATION 
 
 
Supplementary Figure 1. Bulk lipid mixing assays with C2AB and full-length 
synaptotagmin 1. The change of FRET efficiency (E), which was calculated by the 
formula: E = IDiD/(IDiD+IDiI), represents the lipid mixing. The black trace representsthe 
reaction with SNARE proteins only, blue traces represent lipid mixing in the presence 
of C2AB with (solid line) or without (dash line) Ca
2+
, red traces shows lipid mixing in 
the presence of Syt1 with (solid line) or without (dash line) Ca
2+
, the grey dash line is 
the control without SNAP-25. 
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Supplementary Figure 2. The single vesicle content mixing assay. (A) Imaging 
area (4590 m2) before and after Ca2+ injection. Each spot represents a single vesicle 
containing 50mM sulforhodamine. (B) Real-time content mixing detection. The 
change of thefluorescence intensity of the sulforhodamine B containing vesicle was 
shown as acyan trace. A sudden increase (red arrow) of the sulforhodamine B 
fluorescence signal due to dilution-induced fluorescence dequenching was observed 
when content mixing happened. 
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Supplementary Figure 3. Syt1 needs to be on the v-vesicle side to be effective for 
vesicle docking and content mixing. (A) Single vesicle docking when Syt1 is on the 
v-vesicle side or on the t-vesicle side. Error bars were obtained from 3 independent 
measurements with 3 different preparations. (B) Single vesicle content mixing of 
sulforhodamine B when Syt1 is on the v-vesicle side or on the t-vesicle side.Error 
bars were obtained from 3 independent measurements with 3 different preparations. 
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Supplementary Figure 4. Bar graph of the single vesicle lipid mixing for Syt1 
linker mutants. Syt1 charge-disrupted mutants (A) and cross-linked mutants (B) do 
not affect lipid mixing. Error bars were obtained from 3 independent measurements 
with 3 different preparations. 
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Supplementary Figure 5. Bar graph of the single vesicle content mixing with Syt1 
linker mutants. Wild-type Syt1 and its mutants are not capable of triggering content 
mixing effectively in the absence of Ca
2+
. Error bars were obtained from 3 
independent measurements with 3 different preparations. 
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Supplementary Figure 6. Conformations of (A) Syt1 WT, (B) Syt1 
K86E/K90E/K95E, (C) Syt1 E131K/E135K/E139K in molecule dynamic study. 
Numerical study estimates Re 1.6 0.3 nm for the wild type Syt1, 4.4  1.6 nm for 
Syt1 K86E/K90E/K95E, and 5.5  1.0 nm for E131K/E135K/E139K. The end-to-end 
distance of the linker region of the wild type Syt1 is much shorter than the prediction 
of the freely jointed chain model wherein Re4 nm (distance between amino acids is 
assumed as 0.5 nm). This discrepancy is attributed to the strong electrostatic attraction 
between charged amino acids and the stiffness of them. To help understanding, we 
divide the linker region into three sub-parts, and measure the end-to-end distances of 
them; (1) positive rich part which is composed of first 19 amino acids (amino acids 
80-98) at the linker region whose total charge is +10 e (part 1), (2) almost neutral 
middle part (net +1 e) which is composed of next22 amino acids (amino acids 99-120) 
(part 2), and (3) negative rich (net -8 e) part containing last 21 amino acids (amino 
acids 121-141) (part 3).  
Interestingly, the Re of WT Syt1 is even shorter than the end-to-end distance of part 
2 which is about 1.9 nm (2.0 nm, 2.1 nm for part1, and part3). This indicates that part 
1 and part 3 are folded by charge interaction, like an electrical zipper (A). Noticeable 
conformational changes are found under even small modification in Syt1 amino acids 
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sequence. Syt1 K86E/K90E/K95E shows extended the end-to-end distance with 
respect to WT. Part 1 is shrunk to 1.3 nm, and the end-to-end distances of part 2, part 
3 are 1.8 nm, 2.7 nm. The alternating sequence of positive and negative charges may 
provoke collapse of part 1 and part2 into a globule while part 3 is still stretched as 
seen in (B). Syt1 E131K/E135K/E139K, whose net charge is +9 e, exhibits stretched 
conformations. Re is not much different from the summation of the end-to-end 
distance of sub-parts. The end-to-end distances of three parts are about 2.0 nm, 2.3 nm, 
2.2 nm for part 1, part 2, part 3. Thus, they may be approximated as a linear 
connection of these three parts like charged cylinder (C).  
 
Methods  
Molecular dynamic 
Atomic level molecular dynamics was performed within NVT ensemble using 
AMBER. For simplicity, only the linker regions of the wild-type Syt1 and two 
mutations (K86E/K90E/K95E, E131K/E135K/E139K) are considered. Salts and 
water are implicitly treated. Three independent 20 ns length molecular dynamics 
simulations at 2fs time steps are taken averaged for the data production. The end-to-
end distance (Re) is measured in order to characterize the linker 
 
 
 
 
 
209 
 
 
CHAPTER 8 
GENERAL SUMMARY 
 
8.1 GENERAL CONCLUSION 
SNARE proteins are the minimal synaptic vesicle fusion machinery (Jahn & 
Grubmuller, 2002; Jahn et al, 2003; Poirier et al, 1998; Rizo & Rosenmund, 2008; 
Sudhof, 2004; Weber et al, 1998), however, vesicle exocytosis regulated by other 
regulators like Syt1 (Chapman, 2002; Rizo & Rosenmund, 2008; Sudhof, 2004; 
Tucker et al, 2004), complexin1 (Xue et al, 2007; Yoon et al, 2008), Munc18 
(Khvotchev et al, 2007), α-Syn (Burre et al, 2010), and even lipid molecules (Tong et 
al, 2009; van den Bogaart et al, 2011) like PIP2 (van den Bogaart et al, 2011) and 
phosphatidylserine (Lai & Shin, 2012). Although SNAREs have been identified as 
fusion machinery (Jahn & Grubmuller, 2002; Rizo & Rosenmund, 2008; Weber et al, 
1998) and their structure has been well studied (Poirier et al, 1998; Sutton et al, 1998), 
the mechanism for how vesicle exocytosis be regulated is still unknown. Recently, 
couple of studies have proved that lipid molecules have the regulatory effect in 
vesicle exocytosis, for example, cholesterol regulates structure of VAMP2 on synaptic 
membrane (Tong et al, 2009); PIP2 in plasma membrane regulates the syntaxin 1A 
clustering which is favorable for synaptic vesicle docking and fusion (Kim et al, 2012; 
Lee et al, 2010; van den Bogaart et al, 2011). In this dissertation, by comparing lipid 
and content mixing assay, our results showed that lipid components in membrane 
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mainly affect early steps of vesicle exocytosis via modulating lipid-protein interaction 
and membrane curvature, but little effect on fusion pore opening. 
Furthermore, in this dissertation, we investigated the effect of α-Syn on 
SNARE assembly and SNARE-dependent liposome fusion using fluorescence 
methods. The results show that α-Syn specifically inhibits membrane fusion via 
vesicle docking, without interfering with trans SNARE complex formation. 
Furthermore, mutants linked to familial PD A30P, A53T, and E46K are less effective 
than, similar to, and more effective than the wild-type in fusion-inhibition, 
respectively, correlating well with the rank order of their individual membrane 
affinities. A negatively charged lipid, which strongly favors α-Syn's membrane 
binding, is also required for the fusion-inhibiting function. Thus, α-Syn may inhibit 
SNARE-dependent vesicle fusion through membrane binding. 
Syt1, as the major regulator in vesicle fusion, controls precisely Ca
2+
 triggered 
vesicle fusion. In this dissertation, firstly, we showed that Syt1 and Ca
2+ 
drive 
SNARE zippering at the membrane proximal region via cross-linking two opposition 
membranes not direct SNARE interaction. Secondly, we used in vitro lipid mixing 
assays to investigate the Ca
2+
-dependent Syt1 function in proteoliposome fusion and 
found that Syt1 to function as a Ca
2+
 sensor, a charge asymmetry appears to be 
important and it may play a role in steering Syt1 to make productive trans binding to 
the plasma membrane. Thirdly, we found that the neuronal SNARE complexes have 
the capacity to drive membrane hemifusion. However, efficient fusion pore formation 
and expansion require synaptotagmin 1 and Ca
2+
. The results also show that 
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complexin 1 stimulates pore expansion significantly, which could put bias between 
two pathways of vesicle recycling. Finally, by studying the Syt1 WT and mutants, our 
results suggest that the asymmetric distribution of charged amino acids provides the 
Syt1 linker region with both the flexibility for vesicle docking and rigidity for 
opening the fusion pore. Overall, based on our study, Syt1 functions in all steps of 
synaptic vesicle exocytosis: in vesicle docking, Syt1 simultaneously interact with 
Syntaxin 1A/SNAP-25 complex and target membrane to facilitate vesicle docking; in 
vesicle priming and lipid mixing, Syt1 brings about the two apposition membrane 
together, thereby help SNARE assembly and lipid fusion; in fusion pore opening, 
Syt1 together with Ca
2+
, drives fusion pore open and expand it with the help of 
complex 1.     
 
8.2 REFERENCE 
 
Burre J, Sharma M, Tsetsenis T, Buchman V, Etherton MR, Sudhof TC (2010) Alpha-
synuclein promotes SNARE-complex assembly in vivo and in vitro. Science 
329(5999): 1663-1667 
 
Chapman ER (2002) Synaptotagmin: a Ca(2+) sensor that triggers exocytosis? Nat 
Rev Mol Cell Biol 3(7): 498-508 
 
Jahn R, Grubmuller H (2002) Membrane fusion. Curr Opin Cell Biol 14(4): 488-495 
 
Jahn R, Lang T, Sudhof TC (2003) Membrane fusion. Cell 112(4): 519-533 
 
Khvotchev M, Dulubova I, Sun J, Dai H, Rizo J, Sudhof TC (2007) Dual modes of 
Munc18-1/SNARE interactions are coupled by functionally critical binding to 
syntaxin-1 N terminus. J Neurosci 27(45): 12147-12155 
 
212 
 
 
Kim JY, Choi BK, Choi MG, Kim SA, Lai Y, Shin YK, Lee NK (2012) Solution 
single-vesicle assay reveals PIP2-mediated sequential actions of synaptotagmin-1 on 
SNAREs. EMBO J 31(9): 2144-2155 
 
Lai Y, Shin YK (2012) The importance of an asymmetric distribution of acidic lipids 
for synaptotagmin 1 function as a Ca2+ sensor. Biochem J 443(1): 223-229 
 
Lee HK, Yang Y, Su Z, Hyeon C, Lee TS, Lee HW, Kweon DH, Shin YK, Yoon TY 
(2010) Dynamic Ca2+-dependent stimulation of vesicle fusion by membrane-
anchored synaptotagmin 1. Science 328(5979): 760-763 
 
Poirier MA, Xiao W, Macosko JC, Chan C, Shin YK, Bennett MK (1998) The 
synaptic SNARE complex is a parallel four-stranded helical bundle. Nat Struct Biol 
5(9): 765-769 
 
Rizo J, Rosenmund C (2008) Synaptic vesicle fusion. Nat Struct Mol Biol 15(7): 665-
674 
 
Sudhof TC (2004) The synaptic vesicle cycle. Annu Rev Neurosci 27: 509-547 
 
Sutton RB, Fasshauer D, Jahn R, Brunger AT (1998) Crystal structure of a SNARE 
complex involved in synaptic exocytosis at 2.4 A resolution. Nature 395(6700): 347-
353 
 
Tong J, Borbat PP, Freed JH, Shin YK (2009) A scissors mechanism for stimulation 
of SNARE-mediated lipid mixing by cholesterol. Proc Natl Acad Sci U S A 106(13): 
5141-5146 
 
Tucker WC, Weber T, Chapman ER (2004) Reconstitution of Ca2+-regulated 
membrane fusion by synaptotagmin and SNAREs. Science 304(5669): 435-438 
 
van den Bogaart G, Meyenberg K, Risselada HJ, Amin H, Willig KI, Hubrich BE, 
Dier M, Hell SW, Grubmuller H, Diederichsen U, Jahn R (2011) Membrane protein 
sequestering by ionic protein-lipid interactions. Nature 479(7374): 552-555 
 
Weber T, Zemelman BV, McNew JA, Westermann B, Gmachl M, Parlati F, Sollner 
TH, Rothman JE (1998) SNAREpins: minimal machinery for membrane fusion. Cell 
92(6): 759-772 
 
Xue M, Reim K, Chen X, Chao HT, Deng H, Rizo J, Brose N, Rosenmund C (2007) 
Distinct domains of complexin I differentially regulate neurotransmitter release. Nat 
Struct Mol Biol 14(10): 949-958 
 
213 
 
 
Yoon TY, Lu X, Diao J, Lee SM, Ha T, Shin YK (2008) Complexin and Ca2+ 
stimulate SNARE-mediated membrane fusion. Nat Struct Mol Biol 15(7): 707-713 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
214 
 
 
ACKNOWLEDGEMENT 
 
Here, I would like to take this great opportunity to thank all the people who 
contribute to my doctoral work and gave me the great help to finish my dissertation. 
First of all, I would like to thank my major advisor Dr. Yeon-kyun Shin. During my 
PH.D training period, Dr.Shin is very supportive to my research work, and he gives 
me a lot of valuable suggestions and guidance in experimental design and generating 
novel ideas.  Also, I will thank my committee members: Pro. Reuben Peters, Pro. 
Alan Myers, Pro. Edward Yu, and Pro. Richard Honzatko. They also give me much 
advice on my dissertation. 
 
 At the same time, I would like to thank Pro. Ralf Langen in University of 
Southern California and Dr. Jiajie Diao and Pro. Taekjip Ha in University of Illinois 
at Urbana-Champaign, they cooperate with our lab and gave me a lot of help in my 
research work. 
 
Furthermore, I will thank all my previous lab mates, Dr. Zengliu Su, Dr. 
Jiansong Tong, Dr Bing Lu and Dr. Jinyoung Chang, as well as my current labmates, 
Sunae Kim, Jeakyun Song, Jiael Shin, and Xiaochu Lou. 
 
215 
 
 
Especially, I will thank my father Quanbang Lai and my mother Pingying Yin, 
who give me life and love and care me from childhood. They devote all they have to 
supporting my study and work. 
 
Finally but most importantly, I would like to thank my wife, Wanwu Wang, 
who share all my happiness and pain in the life. She always supports me with her 
whole heart. Without her help and support, I can not finish my doctoral work and 
dissertation.  
